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ABSTRACT
An i n v e s t i g a t i o n  i s  u n d e r ta k e n  i n t o  m ethods o f  f a s t  m o d u la tio n  and 
d e t e c t i o n  o f  s u b m i l l im e t r e  r a d i a t i o n .  D e te c t io n  a t  room te m p e ra tu re  
was a c h ie v e d  w i th  t r a v e l l i n g  wave a n te n n a e  c o u p le d  t o  a  c r y s t a l  
r e c t i f i e r .  M e ta l -o x id e - m e ta l  and m e ta l- o x id e - s e m ic o n d u c to r  r e c t i f y i n g  
j u n c t io n s  w ere  s tu d i e d .  G e n e ra t io n  o f  s u b m i l l im e t r e  r a d i a t i o n  was 
p e rfo rm e d  by m eans o f  a  h y d ro g en  c y a n id e  l a s e r ,  o p e r a t in g  p r i m a r i l y  a t  
a  w a v e le n g th  o f  337 pm. The i n v e s t i g a t i o n  was m o tiv a te d  by a  n e e d  f o r  
an  i n c r e a s e  i n  o u tp u t  pow er from  th e  l a s e r  w h ich  r e q u i r e s  a  f a s t  s w itc h  
o p e r a t iv e  a t  s u b m i l l im e t r e  w a v e le n g th s . E v a lu a t io n  o f  a  Q -s w itc h in g  
te c h n iq u e ,  u t i l i z i n g  th e  n e a r  c o in c id e n c e s  b e tw een  a b s o r p t io n  f e a t u r e s  
i n  v a r io u s  v a p o u rs  and th e  337 pm e m is s io n  l i n e  o f  th e  HCN l a s e r  was 
m ade. F u r th e r  i n v e s t i g a t i o n s  w ere  c a r r i e d  o u t  on th e  t r a n s i e n t  
p r o p e r t i e s  o f  th e  p la sm a  t h a t  fo rm s th e  a c t i v e  medium o f a  p u ls e d  
e x c i t e d  HCN l a s e r .  S h i f t  o f  th e  re s o n a n c e  c o n d i t io n  by m eans o f  an 
a n c i l l a r y  d i s c h a r g e  i s  u n d e r ta k e n  a s  a  Q -s w itc h in g  t e c h n iq u e .
M a g n e to -o p tic a l  m o d u la tio n  a s  an  a l t e r n a t i v e  s w itc h in g  te c h n iq u e  was 
a l s o  s tu d i e d .  To t h i s  e n d , t h e  te m p e ra tu re -d e p e n d e n c e  o f  th e  m agneto ­
o p t i c a l  c o n s ta n t s  o f  s e v e n  d i f f e r e n t  r a r e - e a r t h  i r o n  g a r n e t s  w ere  
s tu d ie d  a t  a  w a v e le n g th  o f  337 pm. The p r o p e r t i e s  i n v e s t i g a t e d  in c lu d e  
th e  F a ra d a y  r o t a t i o n ,  a b s o r p t io n  c o e f f i c i e n t  and th e  room ten% )era tu re  
r e f r a c t i v e  in d e x . The th e o r y  o f  th e  m a g n e to - o p t ic a l  e f f e c t s  a t  m ic ro ­
wave and o p t i c a l  f r e q u e n c ie s  i s  re v ie w e d  and e x te n d e d  i n t o  th e  su b ­
m i l l im e t r e  r e g io n .  E f f e c t s  o f  m a g n e tic  a n is o t r o p y  a r e  d i s c u s s e d .
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5 .5 .  T o ta l  CW o u tp u t  pow er a g a in s t  d is c h a r g e  c u r r e n t  f o r  a  68
7 .6  cm d ia m e te r  beam s p l i t t e r  c o u p le d  HCN l a s e r
5 .6 .  Beam p r o f i l e s  o f  th e  o u tp u ts  fro m  th e  15 cm d ia m e te r  l a s e r  69
f o r  (a )  a  beam s p l i t t e r  c o u p le d  o u tp u t ,  and (b ) a  h o l e -  
c o u p le d  o u tp u t
5 . 7 . '  E n erg y  o f  o u tp u t  r a d i a t i o n  p e r  d i s c h a r g e  a g a in s t  d i s c h a r g e  71
c u r r e n t  f o r  th e  15 cm d ia m e te r ,  beam s p l i t t e r  c o u p le d , HCN 
l a s e r
5 .8 .  P u ls e d  o u tp u ts  from  th e  15 cm d ia m e te r  l a s e r  u s in g  1 t o r r  72
o f  a  CHi^-N2 m ix tu re
5 .9 .  P u ls e d  o u tp u ts  fro m  th e  7 .6  cm d ia m e te r  l a s e r .  (a )  and  75
(b ) 1 t o r r  CH4-N 2 m ix tu r e ,  (c )  p ro p y la m in e  v a p o u r  and
(d ) p ro p y la m in e  v a p o u r w i th  a  M e lin ex  window i n s i d e  th e  
c a v i t y
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5 .1 0 .  E n e rg y  o f o u tp u t  r a d i a t i o n ,  p e r  d is c h a r g e  a g a in s t  th e  76
num ber o f d i s c h a r g e s  p e r  second  from  th e  7 .6  cm d ia m e te r ,  
h o le - c o u p le d  l a s e r ,  u s in g  (a )  1 t o r r ,  (b ) 0 .8 5  t o r r ,  and
(c )  0 .4 5  t o r r  o f  a  m e th a n e -n i tro g e n  m ix tu re
5 .1 1 .  E x p e r im e n ta l  a rra n g e m e n t to  modi t o r  th e  l a s e r  r a d i a t i o n  79
o u tp u t  and beam s p l i t t e r  movement
5 .1 2 . P u ls e d  e x c i t a t i o n  o f th e  15 cm d ia m e te r  l a s e r  u s in g  1 t o r r  80
o f  a  CH4-N 2 m ix tu r e .  - (a )  C om parison o f th e  l a s e r  o u tp u t  w i th  
t h a t  from  a  p h o t o - t r a n s i s  t o r  re s p o n d in g  to  a  v i s i b l e  beam  
r e f l e c t e d  fro m  th e  l a s e r ' s  beam s p l i t t e r  and (b ) c o m p a riso n
o f  s im u lta n e o u s  beam s p l i t t e r  and h o le - c o u p le d  l a s e r  o u tp u ts
5 .1 3 .  C a v i ty  in te r f e r o g r a m s  f o r  th e  15 cm d ia m e te r  l a s e r  81
5 .1 4 .  ( a )  Expanded p o r t i o n  o f  th e  c a v i t y  in te r f e r o g r a m  f o r  83
th e  15 cm d ia m e te r  CW l a s e r  and (b) th e  c o r re s p o n d in g  
in v e r t e d  seco n d  d i f f e r e n t i a l
5 .1 5 .  C a v i ty  in te r f e r o g r a m s  f o r  th e  7 .6  cm d ia m e te r  CW beam 85
s p l i t t e r  c o u p le d  l a s e r  (a )  w i th o u t  a  window i n s i d e  th e
c a v i t y  and (b ) w i th  a  M e lin ex  window a c r o s s  th e  c a v i ty
5 .1 6 .  A rran g em en t o f  th e  M ach-Zehnder i n t e r f e r o m e te r  , 86
5 .1 7 .  I n t e r f e r e n c e  f r i n g e s  p ro d u ced  by (a )  th e  l a s e r  i n t e r - "  87
f e r o m e te r  f o r  0 .3 5  t o r r  o f a i r  io n is e d  by  th e  Marx
g e n e r a to r  and  (b ) th e  m ic rd a v e  i n t e r f e r o m e te r  f o r  0 ,5  t o r r  
o f  h e liu m  io n i s e d  by  th e  B lu m le in  su p p ly
5 .1 8 .  E l e c t r o n  d e n s i t y  a g a i n s t  t im e  a f t e r  i n i t i a t i n g  d is c h a r g e  89
i n  (a )  0 .3 5  t o r r  o f  a i r ,  and (b) 1 t o r r  o f  a  m e th an e-
' n i t r o g e n  m ix tu re  u s in g  th e  Marx g e n e r a to r
5 .1 9 .  E l e c t r o n  d e n s i t y  a g a in s t  t im e  a f t e r  i n i t i a t i n g  d is c h a r g e  90
i n  1 t o r r  o f  h e liu m  i n  a  7 .6  cm d ia m e te r  tu b e  u s in g
(a )  t h e  M arx g e n e r a to r ,  and (b) th e  B lu m le in  power su p p ly
5 .2 0 .  E l e c t r o n  d e n s i t y  a g a i n s t  t im e  a f t e r  i n i t i a t i n g  a  d is c h a r g e  91
i n  a  m e th a n e - n i t r o g e n  m ix tu re  a t  (a )  1 .2  t o r r ,  (b ) 1 .0  t o r r ,
(c )  0 .6  t o r r ,  and (d ) 0 .5  t o r r .  7 .6  cm d ia m e te r  d is c h a r g e  
t u b e .  B lu m le in  pow er s u p p ly
5 .2 1 .  E l e c t r o n  d e n s i t y  a g a i n s t  tim e  a f t e r  i n i t i a t i n g  a  d is c h a r g e  92
i n  d e u te r iu m  o x id e  v a p o u r  a t  (a )  5 t o r r ,  (b ) 3 .5  t o r r ,
( c )  2 .5  t o r r ,  and  (d ) 1 t o r r .  7 .6  cm d ia m e te r  d is c h a r g e  
t u b e .  D is c h a rg e  fro m  Marx g e n e r a to r
5 .2 2 .  T ra n s m is s io n  a t  891 GHz a g a in s t  e l e c t r o n  d e n s i t y  i n  i o n is e d  93
m ed ia  o f  (a )  0 .3 5  t o r r  o f a i r ,  (b ) 1 t o r r  o f  h e liu m , and
(c )  5 t o r r  o f  d e u te r iu m  o x id e  i n  a  60 cm lo n g , 7 .6  cm 
d ia m e te r  tu b e
5 .2 3 .  A rran g em en t o f  th e  m icrow ave i n te r f e r o m e te r  94
5 .2 4  E l e c t r o n  d e n s i t y  a g a in s t  tim e  a f t e r  i n i t i a t i n g  a  d i s c h a r g e  96
i n  a m e th a n e - n i tr o g e n  m ix tu re  a t  (a )  1 t o r r ,  (b ) 0 . 8  t o r r ,
( c )  0 .6 5  t o r r ,  and (d ) 0 .4  t o r r .  15 cm d ia m e te r  d i s c h a r g e
tu b e .  B lu m le in  power su p p ly
5 .2 5 .  E l e c t r o n  d e n s i t y  a g a in s t  tim e  a f t e r  i n i t i a t i n g  a  d is c h a r g e  97
i n  p ro p y la m in e  v a p o u r  a t  (a )  0 .9  t o r r ,  (b ) 0 .7 5  t o r r ,
(c )  0 .5  t o r r ,  and (d ) 0 .3 5  t o r r .  15 cm d ia m e te r  d is c h a r g e  
tu b e .  B lu m le in  pow er su p p ly
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5 .2 6 .  E l e c t r o n  d e n s i t y  a g a in s t  tim e  a f t e r  i n i t i a t i n g  a  d i s c h a r g e  98
in  e th y le n e d ia m in e  v a p o u r  a t  (a )  0 . 9  t o r r ,  (b ) 0 . 6  t o r r ,
(c )  0 .3 5  t o r r ,  and (d ) 0 .2  t o r r .  15 cm d ia m e te r  d i s c h a r g e  
tu b e .  B lu m le in  pow er su p p ly
5 .2 7 .  R a d ia l  e l e c t r o n  d e n s i t y  p r o f i l e s  o f  i o n i s a t i o n s  i n  99
(a )  0 .7 5  t o r r  o f  a  m e th a n e -n i tro g e n  m ix tu r e ,  (b ) 0 .7 5  t o r r
n - p ro p y lam in e  v a p o u r ,  and (c )  0 . 2  t o r r  o f  e th y le n e d ia m in e  
v a p o u r  a t  ( i )  5 p s ,  ( i i )  30 y s ,  and ( i i i )  70 ys a f t e r  th e
end o f  th e  c u r r e n t  p u ls e  from  th e  B lu m le in  su p p ly
5 .2 8 .  E l e c t r o n  d e n s i t y  a g a in s t  tim e  a f t e r  i n i t i a t i n g  a  d i s c h a r g e  101
i n  n i t r o g e n  a t  (a )  1 .0  t o r r ,  (b) 0 . 5  t o r r ,  (c )  0 . 4  t o r r ,
and (d ) 0 .2  t o r r .  15 cm d ia m e te r  d is c h a r g e  tu b e .
B lu m le in  pow er su p p ly
5 .2 9 .  E l e c t r o n  d e n s i t y  a g a in s t  tim e  a f t e r  i n i t i a t i n g  a  d i s c h a r g e  102
i n  m ethane  a t  (a )  0 .9  t o r r ,  (b ) 0 .7  t o r r ,  (c )  0 .4  t o r r ,
and (d ) 0 .2  t o r r .  15 cm d ia m e te r  d is c h a r g e  tu b e .
B lu m le in  pow er su p p ly
5 .3 0 .  E l e c t r o n  d e n s i t y  a g a in s t  t im e  a f t e r  i n i t i a t i n g  a  d is c h a r g e  103
i n  h e liu m  a t  (a )  1 .0  t o r r ,  (b) 0 .7 5  t o r r ,  (c )  0 .5  t o r r ,
and (d ) 0 .4  t o r r .  15 cm d ia m e te r  d is c h a r g e  tu b e .
B lu m le in  pow er s u p p ly
5 .3 1 .  E l e c t r o n  d e n s i t y  a g a i n s t  t im e  a f t e r  i n i t i a t i n g  a d i s c h a r g e  104
i n  CHif-Na/He a t  ( a )  0 . 5 / 0 .0  t o r r ,  (b ) 0 .4 /0 .1  t o r r ,
(c )  0 .3 / 0 .2  t o r r ,  (d )  0 .2 / 0 .3  t o r r ,  (e )  0 .1 / 0 .4  t o r r ,  and
( f )  0 .0 / 0 .5  t o r r .  15 cm d ia m e te r  d is c h a r g e  tu b e .
B lu m le in  pow er s u p p ly
5 .3 2 .  E x p e r im e n ta l  a rra n g e m e n t f o r  m e a su r in g  a t t e n u a t i o n  o f  106
l a s e r  r a d i a t i o n  i n  g a s e s
5 .3 3 .  A t te n u a t io n  o f  891 GHz r a d i a t i o n  from  a  CW HCN l a s e r  i n  107
(a )  ( i )  d ic h lo ro m e th a n e  v a p o u r , ( i i )  d i f  l u o r o e th y le n e ,  and
(b ) d e u te r iu m  o x id e  v a p o u r ,  a g a in s t  p r e s s u r e
5 .3 4 .  A t t e n u a t io n  o f  891 GHz r a d i a t i o n  from  a p u l s e - e x c i t e d  ,108
HCN l a s e r  i n  ( i )  d e u te r iu m  o x id e  v a p o u r ,  ( i i )  d i c h l o r o ­
m eth an e  v a p o u r ,  and ( i i i )  d i f  l u o r o e th y le n e ,  a g a in s t  p r e s s u r e
'5 .3 5 . A t t e n u a t io n  o f  r a d i a t i o n  from  an  HCN l a s e r  i n  ( i )  1 t o r r  109
o f  d ic h lo ro m e th a n e  v a p o u r ,  and ( i i )  8 t o r r  o f  d i f  lu o ro ­
e th y l e n e ,  a s  c a v i t y  l e n g th  i s  tu n e d  th ro u g h  a  337 ym g a in  
p r o f i l e .  L a s e r  p u l s e  e x c i t e d
5 .3 6 .  A t te n u a t io n  o f  th e  o u tp u t  from  t h e  p u l s e - e x c i t e d  7 .6  cm i n
d ia m e te r ,  beam  s p l i t t e r  c o u p le d  HCN l a s e r  a g a in s t  th e  
p r e s s u r e  o f  an  a t t e n u a t i n g  g a s  a d m itte d  i n t o  a  32 cm lo n g
c e l l  w i t h in  th e  l a s e r  c a v i t y .  A b so rb in g  g a s e s  a r e
( i )  d e u te r iu m  o x id e  v a p o u r ,  ( i i )  d ic h lo ro m e th a n e  v a p o u r ,
and ( i i i )  d î f lu o r o e th y le n e
5 .3 7 .  , Q -sw itc h e d  o u tp u ts  from  th e  7 .6  cm d ia m e te r ,  beam . 113
s p l i t t e r  c o u p le d , d . c .  e x c i t e d  l a s e r .  S w itc h in g  c e l l  
i n s i d e  o p t i c a l  c a v i t y ,  (a )  and (b) show Q -sw itc h e d  p u ls e  
fo llo w e d  by  a c o u s t i c  v i b r a t i o n s ;  c a v i ty  p a r t i a l l y  d e tu n e d  
' from  maximum CW o u tp u t ;  (c )  CW l e v e l  f u l l y  d e tu n e d ,
(d ) CW le v e L  p a r t i a l l y  d e tu n e d
5 .3 8 .  Q -sw itc h e d  o u tp u ts  fro m  th e  7 .6  cm d ia m e te r ,  d . c .  e x c i t e d  115 
l a s e r  u s in g  th e  M ic h e lso n  s w itc h in g  a rra n g e m e n t.
(a )  CW l e v e l  f u l l y  tu n e d ,  (b ) and (c )  CW l e v e l  d e tu n e d
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6 .1 .  Number o f modes q scanned  in  th e  7 .6  cm d ia m e te r  l a s e r  118
a g a in s t  th e  c o r re s p o n d in g  e l e c t r o n  d e n s i ty  i n  th e  m eth an e- 
n i t r o g e n  m ix tu re
6 .2 .  P l o t s  o f  in v e r s e  o f e l e c t r o n  d e n s i t y ,  l / n ^ ,  a g a in s t  tim e  120
i n  (a )  a  m e th a n e -n i tro g e n  m ix tu r e ,  (b ) n -p ro p y  lam in e
v a p o u r ,  and (c )  e th y le n e d ia m in e  v a p o u r ,  i n  a  15 cm d ia m e te r  
t u b e .
6 .3 .  P l o t s  o f  &n (ug) a g a in s t  tim e  i n  (a )  a  m e th a n e -n i tro g e n  121
m ix tu r e ,  (b) n -p ro p y lam ine  v a p o u r ,  and (c )  e th y le n e ­
d iam in e  v ap o u r i n  a  15 cm d ia m e te r  tu b e
6 .4 .  E f f e c t i v e  re c o m b in a tio n  c o e f f i c i e n t s  i n  ( i )  a  m e th a n e -  123
n i t r o g e n  m ix tu r e ,  ( i i )  n -p ro p y  lam in e  v a p o u r ,  and
( i i i )  e th y le n e d ia m in e  v a p o u r , a g a in s t  e l e c t r o n  d e n s i t y .
15 cm d ia m e te r  tu b e
6 .5 .  a g a in s t  e l e c t r o n  d e n s i ty  f o r  a  d is c h a r g e  i n  a  124
m e th a n e -n i tro g e n  m ix tu re  in  a  15 cm d ia m e te r  tu b e
6 . 6 . G ain  a g a in s t  d i r e c t  c u r r e n t  i n  (a )  1:1 r a t i o ,  and (b ) 1 :2  126
r a t i o  o f  m ethane :n i t r o g e n  a t  1 t o r r
6 .7 .  V a r ia t io n  o f  e l e c t r o n  te m p e ra tu re  w ith  e l e c t r o n  d e n s i ty  128
i n  th e  a f te r g lo w  o f p lasm as form ed u s in g  th e  B lu m le in
power su p p ly  i n  (a )  a  m e th a n e -n i tro g e n  m ix tu re ,
(b ) e th y le n e d ia m in e  v a p o u r , and (c )  n - p ro p y lam in e  v ap o u r
6 . 8 . E nergy  l e v e l s  i n  th e  C/H/N sy s tem  in  an  HCN l a s e r  medium 130
[U e f^— — I a g a in s t  lo g jo  f o r  th e  a f te r g lo w  132
p e r io d s  o f  d is c h a r g e s  i n  (a )  a  m e th a n e -n i tro g e n  m ix tu re ,
(b ) e th y le n e d ia m in e  v a p o u r , and (c )  n -p ro p y lam in e  v ap o u r
6 . 10 . d u g /d t  a g a in s t  n^ f o r  (a )  ' m e th a n e -n i tro g e n  m ix tu r e ,  164
(b ) n -p ro p y lam in e  v a p o u r , and (c )  e th y le n e d ia m in e  vap o u r 
io n is e d  i n  a  15 cm d ia m e te r  tu b e
6 .1 1 .  (a )  G ain  and p o p u la t io n  in v e r s io n  and (b) pump r a t e ,  137
a g a in s t  tim e  a f t e r  th r e s h o ld  i n v e r s io n  f o r  th e  a f te rg lo w
• o f  a  d is c h a r g e  i n  1 t o r r  o f  a  m e th a n e -n i tro g e n  m ix tu re  i n
t h e  15 cm d ia m e te r  l a s e r
6 .1 2 . T h e o r e t ic a l  pump r a t e  R/Np a g a in s t  th e  number o f c a v i ty  139
d e c ay  t im e s  ta k e n  to  r e a c h  th e  maximum v a lu e  o f d $ /d t
7 .1 .  E q u iv a le n t  c i r c u i t  o f  a  p o i n t - c o n ta c t  d io d e  144
7 .2 .  E nergy  d iag ra m  o f p o t e n t i a l  b a r r i e r  be tw een  d i s s i m i l a r  146
e le c t r o d e s  (a )  ig n o r in g  im age f o r c e s ,  and (b ) w i th  im age
f o r c e s  ta k e n  i n t o  a c co u n t
7 .3 .  C om parison o f th e rm a l and tu n n e l  c u r r e n t s  f lo w in g  betw een  150
p la n e  p a r a l l e l  d i s s i m i l a r  e l e c t r o d e s  f o r  (a )  S=40 a n g s tro m s ,
‘ and (b) S=50 an g stro m s
7 .4 .  D.C. o u tp u t  v o l ta g e  a g a in s t  a p p lie d  r . f . power a t  4 mm 152
w a v e le n g th  from  a p o in t - c o n ta c t  d io d e  d e te c to r
7 .5 .  The h e m is p h e r ic a l  t i p  o f an  a n te n n a  p a r t i a l l y  embedded 152
i n  th e  o x id is e d  s u r f a c e  o f  a  p la n e  e le c t r o d e
7 .6 .  T h e o r e t ic a l  p r o p e r t i e s  o f a  M-O-M p o i n t - c o n ta c t  d io d e  155
d e te c to r
7 .7 .  T h e o r e t ic a l  v o l ta g e  r e s p o n s i v i t y  o f  a  M-O-M p o i n t - c o n ta c t  156
d io d e  d e t e c t o r .  K=8 ,  <J>i=4 eV and <f>2=?5 eV f o r  c u rv e s  A ,B ,C ,
D and E. 4^=1 eV and 4^=2 eV f o r  c u rv e s  F ,G ,H ,I  and J .
- 10-  page
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7 .8 .  T h e o r e t i c a l  v o l ta g e  r e s p o n s i v i t y  o f a  M-O-M p o i n t - c o n ta c t  157
d io d e  d e t e c t o r .  K = 8 , <|)i = 0 .5  eV, <^ 2 ~ 1 .5  eV and
Vdc “  0 .0 9  v o l t s
7 .9 .  T h e o r e t i c a l  v o l ta g e  r e s p o n s i v i t y  o f a  M-O-M p o i n t - c o n ta c t  159
d io d e  d e t e c t o r ,  (a )  a g a in s t  S , (b) a g a in s t  AY. K = 8 ,
<|)1 = 1 eV, Vdc = 0 .0 9  v o l t s
7 .1 0 .  E l e c t r o l y t i c a l l y  e tc h e d  tu n g s te n  w h is k e r , (a )  f r e s h l y  160
e tc h e d ,  (b ) a f t e r  one im p ac t w ith  an  e le c t r o d e ,  and
(c )  a f t e r  two im p a c ts
7 .1 1 . A n te n n a -d io d e  d e t e c to r  m ount 162
7 .1 2 .  E x p e r im e n ta l ly  m easu red  p r o p e r t i e s  o f M-O-M p o i n t - c o n ta c t  165
d io d e  d e t e c t o r s .  (1 ) I-V  c h a r a c t e r i s t i c s ,  and (2) v o l ta g e  
r e s p o n s i v i t y  f o r  a  tu n g s te n  a n te n n a  to  (a )  g o ld ,
(b ) a lu m in iu m , and (c )  tu n g s te n
7 .1 3 . E x p e r im e n ta l ly  m easu red  p r o p e r t i e s  o f M -O -sem iconductor 166
p o i n t - c o n t a c t  d io d e  d e t e c t o r s .  (1) I-V  c h a r a c t e r i s t i c s ;
(2 ) v o l t a g e  r e s p o n s i v i t y  g a in  a g a in s t  b i a s ;  (3) v o l ta g e  
r e s p o n s i v i t y  a g a in s t  sh u n t r e s i s t a n c e  f o r  a  tu n g s te n  
a n te n n a  to  (a )  n - ty p e  germ anium , and (b) n - ty p e  s i l i c o n .
V o lta g e  r e s p o n s i v i t y  a g a in s t  a p p lie d  b ia s  i s  shown i n  
( l ) ( c )  f o r  a  tu n g s te n  a n te n n a  to  GaAs d e te c to r  and th e  
c o r re s p o n d in g  n . e . p .  i n  ( 2 ) (c )
7 .1 4 . C i r c u i t  u sed  to  a p p ly  c u r r e n t  p u ls e s  to  p o i n t - c o n ta c t  168
d io d e s  f o r  m easu rem en ts  o f  I-V  c h a r a c t e r i s t i c s
7 .1 5 . C i r c u i t  u sed  to  a p p ly  d . c .  b i a s  to  p o in t - c o n ta c t  d io d e s  168
7 .1 6 . S ch em atic  r e p r e s e n t a t i o n  o f  a  p o t e n t i a l  b a r r i e r  show ing 172
c u r r e n t  t r a n s p o r t  m echanism s
8 .1 .  N e t t  r o t a t i o n  0p o f th e  p la n e  o f  p o l a r i s a t i o n  o f a  wave 178
due  to  u n e q u a l p h a se  c o n s ta n t s  o f th e  two c o u n te r -
r o t a t i n g  com ponents
8 .2 .  E l l i p t i c a l l y  p o l a r i s e d  wave c au sed  by u n e q u a l a t t e n u a t i o n  178
o f th e  two c o u n t e r - r o t a t i n g  com ponents
8 .3 .  (a )  The low f re q u e n c y  fe r ro m a g n e tic  mode, and (b) th e  h ig h  186
f re q u e n c y  exchange mode o f  p r e c e s s io n  i n  a  d o u b le  s u b -  
l a t t i c e  sy s te m
8 .4 .  E le m e n ts  o f  th e  s u s c e p t i b i l i t y  t e n s o r  o f  a  damped d o u b le  189
s u b l a t t i c e  sy s tem  w hich  in c lu d e  th e  exchange f i e l d
9 .1 .  (a )  C r y s ta l  s t r u c t u r e  o f  an i r o n  g a rn e t  w i th in  th e  u n i t  195
c e l l ;  a f t e r  G i l le o  and G e l le r ^ ^ ,  and (b) a  s im p l i f ie d
v iew  shows th e  c u b ic  s t r u c t u r e ,  re p ro d u c e d  from  C ra ik  and 
TebblelOO
9 .2 .  S p o n tan eo u s m a g n e t is a t io n  in  Bohr m agnetons p e r  two 199
fo rm u la  u n i t s  a g a in s t  te m p e ra tu re  i n  i r o n  g a r n e ts  o f
( i )  d y sp ro s iu m , ( i i )  te rb iu m , ( i i i )  g a d o lin iu m , ( iv )  y t t r iu m ,
(v ) sam arium , ( v i)  e rb iu m , and ( v i i )  holmium
9 .3 .  S p o n tan eo u s m a g n e t is a t io n  i n  s in g l e  c r y s t a l  specim ens o f  200
sam arium  i r o n  garnfe t a g a in s t  a p p lie d  m ag n e tic  f i e l d  a t
(a )  2 3 .6 °K , (b ) 4 3 .9 °K , (c )  58 .6 °K , and (d) 81°K.
M a g n e t is a t io n  i n  Bohr m agnetons p e r  two fo rm u la  u n i t s
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9 .4 .  V a r ia t io n  o f th e  f i r s t  a n is o t r o p y  c o n s ta n t  w i th  201 
te m p e ra tu re  o f  i r o n  g a r n e t s  o f  ( a ) ( i )  sam arium ,
( i i )  d y sp ro s iu m , ( i i i )  holm ium , ( iv )  te rb iu m ,
(v) g a d o lin iu m , and ( b ) ( i )  e rb iu m , and ( i i )  y t t r iu m
9 .5 .  V a r ia t io n  o f th e  wave num bers o f a b s o r p t io n  l i n e s  i n  203 
d y sp ro s iu m  i r o n  g a r n e t  w ith  (a )  m a g n e tic  f i e l d  a t  4 .2 °K ,
and (b ) te m p e ra tu re  a t  z e ro  m a g n e tic  f i e l d
9 .6 .  V a r ia t io n  w i th  te m p e ra tu re  o f  th e  wave num bers o f  203 
a b s o r p t io n  l i n e s  i n  i r o n  g a r n e ts  o f  (a )  e rb iu m ,
(b ) sam arium , and (c )  holm ium
1 0 .1 . S ch em atic  v iew  o f th e  c r y o s t a t  show ing th e  c o n c e n t r i c  205 
Dewars and h e liu m  colum n to g e th e r  w i th  th e  vacuum and
h e liu m  a d m itta n c e  sy s te m s
1 0 .2 . S chem atic  v iew  o f th e  e x p e r im e n ta l  a rra n g e m e n t f o r  206 
m e a su r in g  F a ra d a y  r o t a t i o n
1 0 .3 . M easured  F a ra d a y  r o t a t i o n  a t  891 GHz i n  y t t r iu m  i r o n  208 
g a r n e t  a g a in s t  te m p e ra tu re .  A p p lied  m a g n e tic  f i e l d
4 .3  koe
1 0 .4 . M easured F a ra d a y  r o t a t i o n  a t  891 GHz i n  d y sp ro s iu m  i r o n  209 
g a r n e t  a g a in s t  t e m p e ra tu re .  A p p lied  m a g n e tic  f i e l d
4 .3  koe
1 0 .5 . M easured F a ra d a y  r o t a t i o n  a t  891 GHz i n  g a d o lin iu m  i r o n  210
g a r n e t  a g a in s t  te m p e ra tu re .  A p p lied  m a g n e tic  f i e l d
4 .3  koe
1 0 .6 . M easured F a ra d a y  r o t a t i o n  a t  891 GHz i n  holm ium  i r o n  g a r n e t  211 
a g a in s t  t e m p e ra tu re .  A p p lie d  m a g n e tic  f i e l d  4 .3  koe
1 0 .7 . M easured F a ra d a y  r o t a t i o n  a t  891 GHz i n  te rb iu m  i r o n  g a r n e t  212 
a g a in s t  t e m p e ra tu re .  A p p lie d  m ag n e tic  f i e l d  4 .3  koe
1 0 .8 . M easured F a ra d a y  r o t a t i o n  a t  891 GHz i n  y t t r iu m  i r o n  g a r n e t  213 
a g a in s t  a p p l ie d  m a g n e tic  f i e l d
1 0 .9 . M easured F a ra d a y  r o t a t i o n  a t  891 GHz i n  d y sp ro s iu m  i r o n  214
g a r n e t  a g a in s t  a p p l ie d  m a g n e tic  f i e l d
1 0 .1 0 . M easured F a ra d a y  r o t a t i o n  a t  891 GHz in  g a d o lin iu m  i r o n  215 
g a r n e t  a g a in s t  a p p l ie d  m a g n e tic  f i e l d  a t  100 K
1 0 .1 1 . M easured F a ra d a y  r o t a t i o n  a t  891 GHz i n  te rb iu m  i r o n  g a r n e t  216 
a g a in s t  m a g n e tic  f i e l d
1 0 .1 2 . M easured F a rad a y  r o t a t i o n  a t  891 GHz i n  sam arium  i r o n  217
g a r n e t  a g a in s t  te m p e ra tu re .  A p p lied  m a g n e tic  f i e l d  6 .5  koe
1 0 .1 3 . M easured F a ra d a y  r o t a t i o n  a t  891 GHz i n  e rb ium  i r o n  g a r n e t  218 
a g a in s t  t e m p e ra tu re .  A p p lie d  m ag n e tic  f i e l d  6 .5  koe
1 0 .1 4 . E x p e r im e n ta l  a rra n g e m e n t f o r  m ea su rin g  th e  t r a n s m is s io n  219
i n  an  i r o n  g a r n e t  specim en
1 0 .1 5 . (a )  A t te n u a t io n  c o e f f i c i e n t ,  (b) r e f l e c t i o n  c o e f f i c i e n t ,  221
and (c )  r e f r a c t i v e  in d e x ,  a t  891 GHz i n  d y sp ro s iu m  i r o n
g a r n e t  a g a in s t  te m p e ra tu re .  Q 11] d i r e c t i o n .  A p p lied
m a g n e tic  f i e l d  4 .3  koe
1 0 .1 6 . (a )  A t te n u a t io n  c o e f f i c i e n t ,  (b ) r e f l e c t i o n  c o e f f i c i e n t ,  222
and (c )  r e f r a c t i v e  in d e x ,  a t  891 GHz o f  g a d o lin iu m  i r o n
g a r n e t  a g a in s t  te m p e ra tu re .  [ l  ICf] d i r e c t i o n .  A p p lied
m a g n e tic  f i e l d  4 .3  ko e
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1 0 .1 7 . ( a )  A t te n u a t io n  c o e f f i c i e n t ,  (b ) r e f l e c t i o n  c o e f f i c i e n t ,  223
and  (c )  r e f r a c t i v e  in d e x , a t  891 GHz o f holm ium  i r o n
g a r n e t  a g a in s t  te m p e ra tu re .  [l 11] d i r e c t i o n .  A p p lied  
m a g n e t ic  f i e l d  4 .3  koe
1 0 .1 8 . ( a )  A t te n u a t io n  c o e f f i c i e n t ,  (b ) r e f l e c t i o n  c o e f f i c i e n t ,  224 
and (c )  r e f r a c t i v e  in d e x  a t  891 GHz in  e rb iu m  i r o n  g a rn e t  
a g a i n s t  te m p e ra tu re ,  ( j  lOj d i r e c t i o n .  A p p lie d  m ag n e tic  
f i e l d  4 .3  koe
1 0 .1 9 . ( a )  A t te n u a t io n  c o e f f i c i e n t ,  (b) r e f l e c t i o n  c o e f f i c i e n t ,  225
and  (c )  r e f r a c t i v e  in d e x , a t  891 GHz o f sam arium  i r o n
g a r n e t  a g a in s t  te m p e ra tu re .  [l 11] d i r e c t i o n .  A p p lied  
m a g n e tic  f i e l d  4 .3  koe
1 0 .2 0 . T ra n s m is s io n  a t  891 GHz a g a in s t  te m p e ra tu re  i n  (a )  a  2 .6  mm 226
t h i c k  sam ple  o f  y t t r iu m  i r o n  g a r n e t  i n  a  Q l Q  d i r e c t i o n ,
and  (b ) a  2 . 0  mm t h i c k  sam ple o f te rb iu m  i r o n  g a r n e t  i n  a  
[ l  lO] d i r e c t i o n .  A p p lied  m a g n e tic  f i e l d  4 .3  koe
1 0 .2 1 . T e m p e ra tu re  dependence  o f  th e  r a t i o  o f  th e  t r a n s m is s io n s  227
a t  891 GHz w ith  a  t r a n s v e r s e ly  a p p l ie d  f i e l d  to  t h a t  w ith  
z e ro  a p p l ie d  f i e l d  i n  (a )  Q oo] d i r e c t i o n  i n  e rb ium  i r o n  
g a r n e t  and (b ) [ l 11]  d i r e c t i o n  i n  sam arium  i r o n  g a r n e t .
A p p lie d  f i e l d  6 .5  koe
1 0 .2 2 . F ig u re  o f  m e r i t  o f  r a r e - e a r t h  i r o n  g a r n e ts  a t  891 GHz 229
1 0 .2 3 . ( a )  A rrangem en t o f M ichelsO n in te r f e r o m e te r  u sed  to  230
m e a su re  th e  r e f r a c t i v e  in d e x  o f th e  g a r n e t  specim en  a t
room  te m p e ra tu re ;  (b) g a r n e t  r o t a t e d  a t  a n g le  0 to  
r a d i a t i o n
1 0 .2 4 . E l l i p t i c i t y  a g a in s t  te m p e ra tu re  a t  891 GHz i n  231
(a )  g a d o lin iu m  i r o n  g a r n e t  i n  Q l Q  and QlCT] d i r e c t i o n s ,
(b )  y t t r i u m  i r o n  g a r n e t  i n  Q l Q  d i r e c t i o n ,  and
(c )  y t t r i u m  i r o n  g a r n e t  i n  th e  QlOj] d i r e c t i o n .  A p p lied
m a g n e tic  f i e l d  4 .3  koe
1 1 .1 . The te m p e ra tu re  dependence  o f  g^b in  ^ te rb iu m  i r o n  g a rn e t  234
o b ta in e d  fro m  F a rad a y  r o t a t i o n  m easu rem en ts u s in g  6 .5  ym 
w a v e le n g th  r a d i a t i o n
1 1 .2 . The te m p e ra tu re  d ependence  o f  gp^ f o r  th e  'e q u iv a le n t*  236
f e r r i c  l a t t i c e  i n  y t t r iu m  i r o n  g a r n e t  m easu red  a t  24 GHz
1 1 .3 . The te m p e ra tu re  dependence  o f  th e  e f f e c t i v e  g f a c t o r  i n  236
g a d o lin iu m  i r o n  g a r n e t  m easu red  a t  9 .2  GHz
1 1 .4 . T e m p e ra tu re  v a r i a t i o n  o f  th e  e f f e c t i v e  g y ro m a g n e tic  r a t i o  238
f o r  (a )  g a d o lin iu m , (b ) te rb iu m , (c )  e rb iu m , (d ) d y sp ro s iu m , 
and  (e )  holm ium  i r o n  g a r n e ts  em ploy ing  v a lu e s  f o r  th e  r a r e -  
e a r t h  g f a c t o r s  in  T a b le  11.1
1 1 .5 . T h e o r e t i c a l  te m p e ra tu re  dependence  o f  th e  s p e c i f i c  239
F a ra d a y  r o t a t i o n  0p in  th e  f e r ro m a g n e tic  mode f o r
• (a )  g a d o lin iu m , (b ) te rb iu m , (c )  e rb iu m , (d) d y sp ro s iu m , 
and  (e )  holmium i r o n  g a r n e ts  em ploy ing  v a lu e s  f o r  th e  
r a r e - e a r t h  g f a c t o r s  i n  T a b le  11.1
1 1 .6 . (a )  YEppand (b) YEFF* (^Fe ”  Mpy) a g a in s t  (Mpg -  Mpy) f o r  241
( i )  gjDy = 1 .5  and ( i i )  g^y = 2 .5
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1 1 .7 . T h e o r e t i c a l  te m p e ra tu re  dependence  o f th e  s p e c i f i c  242
F a ra d a y  r o t a t i o n  0p i n  th e  exchange mode f o r
(a ) g a d o lin iu m , (b ) te rb iu m , (c )  e rb iu m , (d) d y sp ro s iu m ,
(e )  holm ium  i r o n  g a r n e t s  em ploy ing  v a lu e s  f o r  th e  r a r e -  
e a r t h  g f a c t o r s  i n  T a b le  11.1
1 1 .8 . T h e o r e t i c a l  f re q u e n c y  v a r i a t i o n  o f th e  e le m e n ts  o f th e  244
s u s c e p t i b i l i t y  t e n s o r  o f  europium  i r o n  g a r n e t  a t  297°K 
c a l c u l a t e d  by F ray n e
1 1 .9 . T h e o r e t i c a l  te m p e ra tu re  dependence  o f th e  s p e c i f i c  246
F a ra d a y  r o t a t i o n  0p a t  891 GHz i n  (a )  te rb iu m , (b) e rb iu m ,
(c )  d y sp ro s iu m , and (d ) holmium i r o n  g a rn e ts  f o r  a  r a r e -  
e a r t h  r e l a x a t i o n  tim e  Tpg = 10” 1^s and a  f e r r i c  r e l a x a t i o n  
tim e  Tpe = 3 .9  x 10” ^ s .  V a lu es  f o r  th e  r a r e - e a r t h  g 
f a c t o r s  a r e  from  T a b le  11.1
1 1 .1 0 . T h e o r e t i c a l  te m p e ra tu re  dependence o f th e  s p e c i f i c  247 
F a ra d a y  r o t a t i o n  0p a t  891 GHz i n  (a )  te rb iu m , (b ) e rb iu m ,
(c )  d y sp ro s iu m , (d ) holm ium , and (e )  g a d o lin iu m  i r o n  
g a r n e ts
1 1 .1 1 . T h e o r e t i c a l  te m p e ra tu re  dependence  o f th e  s p e c i f i c  248
F a ra d a y  r o t a t i o n  i n  d y sp ro s iu m  i r o n  g a r n e t  a t  891 GHz
f o r  gpy = (a )  1 .65  and (b) 0 .9 6
1 1 .1 2 . T h e o r e t ic a l  te m p e ra tu re  dependence  o f th e  s p e c i f i c  249
F a rad a y  r o t a t i o n  a t  891 GHz i n  d y sp ro s iu m  i r o n  g a r n e t
f o r  v a lu e s  o f th e  d y sp ro s iu m  io n  r e l a x a t i o n  tim e  
Tpy = (a )  10“ ^ s  and (b ) 10- 6s
1 1 .1 3 . T h e o r e t i c a l  te m p e ra tu re  dependence  o f  th e  s p e c i f i c  250
F a ra d a y  r o t a t i o n  a t  891 GHz in  te rb iu m  i r o n  g a rn e t
f o r  v a lu e s  o f  th e  te rb iu m  io n  r e l a x a t i o n  tim e  
TTb = (a )  10" ? s  and (b ) 10“ 1^s
1 1 .1 4 . T h e o r e t i c a l  te m p e ra tu re  dependence  o f th e  s p e c i f i c  251
F a ra d a y  r o t a t i o n  in  e rb iu m  i r o n  g a r n e t  a t  891 GHz* The
c u rv e  r e p r e s e n t s  a  ra n g e  o f  v a lu e s  f o r  th e  e rb iu m  r e l a x a t i o n  
tim e  o f  10“ ^ t o  10” ^^s
1 1 .1 5 . T h e o r e t i c a l  te m p e ra tu re  dependence  o f th e  s p e c i f i c  253
F a ra d a y  r o t a t i o n  a t  891 GHz i n  g a d o lin iu m  i r o n  g a r n e t
f o r  v a lu e s  o f th e  g a d o lin iu m  io n  r e l a x a t i o n  tim e  
Tcd = (a )  10- l l s  and (b ) IQ -l^ s
1 1 .1 6 . T h e o r e t i c a l  e l l i p t i c i t y  i n  g a d o lin iu m  i r o n  g a rn e t  a t  254
891 GHz a g a in s t  te m p e ra tu re  f o r  v a lu e s  o f  Tq j  o f
( i )  I Q - l^ s ,  ( i i )  IQ -^ ^ s , ( i i i )  10“ ^ ^s and ( iv )  10 1®s
1 1 .1 7 . T h e o r e t ic a l  s p e c i f i c  F a ra d a y  r o t a t i o n  a t  891 GHz i n  257
d y sp ro s iu m  i r o n  g a r n e t  a t  175°K a g a in s t  th e  v a lu e  o f
th e  r e l a x a t i o n  tim e  o f  th e  d y sp ro s iu m  io n .  A n is o tro p ic  
te rm s  a re  in c lu d e d
1 1 .1 8 . E lem en ts  o f  th e  s u s c e p t i b i l i t y  t e n s o r  f o r  th e  f e r r o m a g n e tic  259
mode o b ta in e d  from  Lax and Button®® and s e p a r a te d  i n to
r e a l  and im a g in a ry  p a r t s
1 1 .1 9 . E x p e r im e n ta lly  m easu red  s p e c i f i c  F a rad a y  r o t a t i o n  a t  260
891 GHz i n  y t t r i u m  i r o n  g a rn e t  a g a in s t  th e  c o rre s p o n d in g  
m a g n e t is a t io n
1 1 .2 0 .  ^ E x p e r im e n ta lly  m easu red  s p e c i f i c  F a rad a y  r o t a t i o n  a t  261
891 GHz i n  sam arium  i r o n  g a rn e t  a g a in s t  th e  c o r re s p o n d in g  
m a g n e t is a t io n
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1 1 .2 1 . T h e o r e t ic a l  s p e c i f i c  F a rad a y  r o t a t i o n  a g a in s t  m a g n e t is a t io n  263
f o r  a  Q l Q  d i r e c t i o n  i n  y t t r iu m  i r o n  g a r n e t  f o r  c o n s ta n t
v a lu e s  o f th e  f e r r i c  r e l a x a t i o n  tim e  o f Tpe = ( i )  10” ^®s,
( i i )  10- l® s ,  ( i i i )  2 .5 x ]0 -1 4 g , ( iv )  1 0 -14g , (v ) 5 x lO -1 5 g , 
and ( v i )  2 .5 x l0 -^ ® s
1 1 .2 2 . ( i )  P ro p o sed  r e l a x a t i o n  tim e  and th e  c o r re s p o n d in g  264
t h e o r e t i c a l  s p e c i f i c  F a rad a y  r o t a t i o n  i n  ( i i )  th e  QlcT] 
d i r e c t i o n  and ( i i i )  th e  [ l 11]  d i r e c t i o n  a g a in s t  
m a g n e t is a t io n  f o r  y t t r iu m  i r o n  g a r n e t
1 1 .2 3 . F i r s t  a n is o t r o p y  c o n s ta n t  f o r  sam arium  i r o n  g a r n e t  a g a in s t  265
te m p e ra tu re ;  a f t e r  Pearson^®®
1 1 .2 4 . ( i )  P ro p o sed  r e l a x a t i o n  tim e  and th e  c o rre s p o n d in g  266
t h e o r e t i c a l  s p e c i f i c  F a ra d a y  r o t a t i o n  i n  ( i i )  th e  Q lÔ ] 
d i r e c t i o n  and ( i i i )  th e  Q 1Q d i r e c t i o n  a g a in s t  
m a g n e t is a t io n  f o r  sam arium  i r o n  g a r n e t
1 1 .2 5 . P l o t s  o f c a lc u la t e d  F a ra d a y  r o t a t i o n ,  i n d i r e c t  t r a n s i t i o n ,  270
as  a  f u n c t io n  o f  f re q u e n c y  f o r  d i f f e r e n t  v a lu e s  o f yHt
1 2 .1 . (a )  C r o s s - s e c t io n  o f a  low c a p a c i ty  d io d e  form ed by e tc h in g  275
away a d i e l e c t r i c  medium d e p o s i te d  on an e le c t r o d e  i n s e r t e d
i n t o  a  s u b s t r a t e ,  (b) fo rm a tio n  o f  a  p o in t  o f  a  m e t a l l i c  
f i l m  d e p o s i te d  on a  s u b s t r a t e ;  a f t e r  F a r i s  and G usta fson^® ^ , 
and (c ) -  ( i )  c r o s s - s e c t i o n  and ( i i )  p l a n  v iew  o f an 
e le c t r o d e  i n s e r t e d  i n t o  a  s u b s t r a t e  w i th  a  s p u t t e r e d  
e le c t r o d e  e tc h e d  to  fo rm  a  low c a p a c i ty  ju n c t io n
1 2 .2 . (a )  W hisker a n te n n a  m ounted i n  th e  c o rn e r  o f a  p a i r  o f 277
m ir r o r s  m u tu a lly  a t  r i g h t  a n g le s .  A n tenna shown o r i e n t a t e d  
p e r p e n d ic u l a r ly  to  th e  p la n e  o f th e  p a g e . (b ) A ntenna 
d e p o s i te d  on th e  b ro ad  f a c e  o f a  d i e l e c t r i c  p r is m , th e  o th e r  
f a c e s  b e in g  m e t a l l i s e d
1 2 .3 . S p e c i f i c  F a ra d a y  r o t a t i o n  a t  891 GHz a g a in s t  a p p lie d  m a g n e tic  279
f i e l d  i n  th e  p o l y c r y s t a l l i n e  s p in e l  f e r r i t e s  ,5E1 and 801
A1.1 L i s t i n g  o f th e  programme QSWTCH 290-292
A 2 .1 . L i s t i n g  o f th e  programme GAUS 297
A 3 .1 . S im p l i f ie d  c i r c u i t  d iag ram  o f  th e  10 MW B lu m le in  m o d u la to r  299
pow er su p p ly
A 3 .2 . C u rre n t p u l s e  d e l iv e r e d  by  th e  B lu m le in  m o d u la to r  su p p ly  300
i n t o  a  40 0  lo ad
A 4 .1 . L i s t i n g  o f  th e  programme DETECR 305-306
A4o2. T h e o r e t ic a l  v o l ta g e  r e s p o n s i v i t y  o f  a  M-O-M p o i n t - c o n ta c t  309
d io d e  d e te c to r  a g a in s t  minimum b a r r i e r  sp a c in g
A 4 .3 . Summation o f th e  c u r r e n t  i  a g a in s t  th e  a n n u li  number N 310
f o r  (a )  th e  tu n n e l  c u r r e n t s  and (b) and (c ) th e  th e rm a l 
c o n t r ib u t io n  o f RUNTHl and RUNTH2 r e s p e c t i v e l y ,  and 
a p p r o p r i a t e ly  s c a le d
A 4 .4 . Com parison o f c a lc u la t e d  v o l ta g e  r e s p o n s i v i t y  o f a  M-O-M 312
d io d e  d e te c to r  a g a in s t  minimum b a r r i e r  sp a c in g  f o r  o x id e  
th ic k n e s s e s  o f ( i )  101 X and ( i i )  10101 A
A 5 .1 . L i s t i n g  o f programme ABSORB 314
A 6 .1 . L i s t i n g  o f programme RIG 316-317
A 7 .1 . L i s t i n g  o f  programme GARNET 321-325
A 8 .1 . L i s t i n g  o r  programme YIGDAM 329-330
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CHAPTER ONE
INTRODUCTION
I n v e s t i g a t i o n  o f  th e  s u b m il l im e tre  r e g io n  o f  th e  e le c tr o m a g n e t ic  
sp ec tru m  s t a r t e d  i n  th e  l a t e  n in e t e e n th  c e n tu ry  when Rubens and 
A sch k in ass^  i s o l a t e d  lo n g  w a v e le n g th  r a d i a t i o n  from  a  th e rm a l  s o u rc e .  
L o o se ly  d e f in e d  a s  th e  W aveleng th  ra n g e  from  1 to  0 .1  m i l l i m e t r e s ,  th e  
s u b m il l im e tre  band  h a s  rem ained  r e l a t i v e l y  u n e x p lo re d  com pared to  th e  
o p t i c a l  and m icrow ave r e g io n s .  T h is  h a s  o c c u rre d  m a in ly  b e c a u se  u n t i l  
th e  in v e n t io n  o f  th e  hyd rogen  c y a n id e  l a s e r  in  1964^, th e rm a l e m is s io n  
c o n tin u e d  to  b e  th e  o n ly  so u rc e  o f  r a d i a t i o n  i n  t h i s  r e g io n .  The e a r l y  
work o f Rubens and A sc h k in ass  em ployed R e s t s t r a h l e n  p l a t e s  to  s e l e c t  th e  
long  w a v e le n g th  r a d i a t i o n .  The pow er o b ta in e d  was in a d e q u a te  f o r  f u r t h e r  
e x p e r im e n ta t io n ,  b u t  i n  1911 Rubens and Wood® o b ta in e d  h ig h e r  i n t e n s i t i e s  
by u s in g  th e  d i s p e r s io n  in  q u a r tz  l e n s e s  to  fo c u s  o n ly  f a r  i n f r a - r e d  
r a d i a t i o n  on to  a  th e rm o c o u p le . By u s in g  l i g h t  from  a  sodium  flam e  to  
d e te rm in e  th e  s p a c in g  be tw een  th e  p l a t e s  o f an  i n t e r f e r o m e te r ,  th e  
te c h n iq u e  was shown to  p ro d u ce  s u b m il l im e tr e  r a d i a t i o n  w ith  a  peak  in  
i t s  d i s t r i b u t i o n  n e a r  110 pm w a v e le n g th  and m e a su ra b le  am ounts a t  200 ym. 
S u f f i c i e n t  pow er was o b ta in e d  by t h i s  m ethod to  p e rfo rm  a  s e r i e s  o f 
m easurem ents on th e  a b s o r p t io n  and r e f l e c t i v i t y  o f v a r io u s  v a p o u rs , 
l i q u i d s  and s o l i d  m a t e r i a l s .
D evelopm ent i n  a  s p e c t r a l  r e g io n  depends n o t  o n ly  on th e  r a d i a t i o n  
s o u rc e s  b u t  a l s o  on th e  a v a i l a b l e  d e t e c t o r s .  F o r  many a p p l i c a t i o n s ,  a  
d e t e c to r  w i th  a  f a s t  r i s e  tim e  i s  r e q u i r e d .  I t  i s  t h e r e f o r e  s i g n i f i c a n t  
t o  n o te  t h a t  i n  1957 Happ e t  a l . ^  r e p o r te d  d e te c t i n g  s u b m il l im e tre  
r a d i a t i o n  fro m  a  m ercu ry  a r c  lamp by c o n ta c t in g  a  tu n g s te n  a n te n n a  on to  
a  se m ic o n d u c to r  c r y s t a l .  W ith  th e  a n te n n a  m ounted in  w av eg u id e , Happ e t  
a l .  w ere  a b le  t o  o b se rv e  th e  r e s p o n s e  o f  s i l i c o n  and germ anium  p o i n t -  
c o n ta c t  d io d e s  o v e r  th e  w a v e le n g th  ra n g e  100 t o  1000 ym.
An in c r e a s e  i n  a c t i v i t y  i n  th e  s u b m il l im e tre  r e g io n  s t a r t e d  w ith  th e  
in v e n t io n  o f  th e  HCN, H2O and CO2 g a s  d is c h a r g e  l a s e r s .  O th e r  l a s e r s ,  
DON, D2O, H2S and SO2 added to  th e  a v a i l a b l e  e m is s io n  l i n e s  a n d , m ore 
r e c e n t l y ,  t h i s  num ber h as  been  in c r e a s e d  by work i n i t i a t e d  by Chang e t  
a l . 6 on o p t i c a l l y  pum ping o rg a n ic  m o le c u le s  by r a d i a t i o n  from  a  CO2 
l a s e r .  R ecen t ad v an ces  have  a l s o  been  made from  th e  m icrow ave a p p ro a c h . 
The m ost s u c c e s s f u l  to  d a te  i s  th e  backw ard wave tu b e ,w h ic h  i s  a v a i l a b l e
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g iv in g  m i l l i w a t t  pow ers up to* 480 GHz, and r e s e a r c h  i s  c o n tin u in g  to  
e x te n d  i t s  ra n g e  to  1500 GHz6 .
F u r th e r  d eve lopm en t o f  th é  s u b m il l im e tre  r e g io n  w i l l  l a r g e l y  depend on 
th e  a d v a n ta g e s  th e  r e g io n  p o s s e s s e s  and th e  a p p l i c a t i o n s  i t  h a s  to  
o f f e r .  I n v e s t i g a t io n s  a r e  c u r r e n t l y  b e in g  p u rsu e d  i n  th e  f i e l d  o f f a r  
i n f r a - r e d  s p e c t r a  o f m o le c u le s  u s in g  F o u r ie r  t r a n s fo rm  s p e c t r o s c o p y ^ '? .  
T h is  may have d i r e c t  a p p l i c a t i o n  to  work c a r r i e d  o u t a t  th e  N a t io n a l  
P h y s ic a l  L a b o ra to ry  on th e  c o m p o s itio n  o f th e  a tm o sp h e re ? . P lasm a 
d i a g n o s t ic  te c h n iq u e s  u s in g  f a r  i n f r a - r e d  r a d i a t i o n  a r e  w e l l  e s t a b l i s h e d ,  
t h i s  f re q u e n c y  band b e in g  optimum f o r  m easurem ents o f th e  t r a n s i e n t  
p r o p e r t i e s  o f  h ig h  te m p e ra tu re  and h ig h  d e n s i ty  p lasm as t h a t  a re
p ro d u ced  i n  f u s i o n  r e a c t o r s ® >6 ,7^
P o s s ib le  f u t u r e  a p p l i c a t i o n s  o f th e  s u b m il l im e tre  band may be  p r e d ic te d  
by e x a m in a tio n  o f i t s  m e r i t s  r e l a t i v e  to  o th e r  s p e c t r a l  r é g io n s .  The 
fa r i n f r a - r e d  h a s  a d v a n ta g e s  o v e r  th e  m icrow ave r e g io n  o f g r e a t e r  band­
w id th  and e i t h e r  h ig h e r  r e s o l u t i o n  o r  s m a l le r  a n te n n a  s i z e .  S tro n g  
a tm o sp h e r ic  a t t e n u a t i o n ,  h o w ev er, l i m i t s  th e  w a v e le n g th  ra n g e  o v e r 
w hich  s u b m il l im e tre  r a d i a t i o n  may b e  p ro p a g a te d  a t  low a l t i t u d e .  The 
t r a n s m is s io n  m easu rem en ts  o f H a l l?  and o f W illia m s  and F oster®  show t h a t ,  
a lth o u g h  a tm o s p h e r ic  windows e x i s t ,  a t t e n u a t i o n  w i th in  th e s e  bands o f 
l e s s  th a n  10 dB p e r  k i lo m e t r e  i s  u n l ik e ly  f o r  m ost w e a th e r  c o n d i t io n s .  
T h is  f a c t o r  i s  p o s s ib ly  a n o th e r  c o n t r ib u to r  to  th e  s low  e x p l o i t a t i o n  of 
th e  r e g io n .  A c c e p tin g  th e  l i m i t a t i o n  o f s h o r t  r a n g e , s u b m il l im e tre  
waves p o t e n t i a l l y  have a  r e s o lv in g  pow er s u p e r io r  to  sy s tem s o p e ra t in g  
a t  m icrow ave f r e q u e n c ie s ,  w h ile  b e in g  a b le  t o  f u n c t io n  i n  a d v e rs e  
w e a th e r  c o n d i t io n s  w h ich  w ould  p r e v e n t  th e  u se  o f c o n v e n tio n a l  o p t i c a l  
te c h n iq u e s .  F u tu re  a p p l i c a t i o n s  may a l s o  in c lu d e  sp a c e  t o  sp ace  
com m unica tions?  w here th e  w id e r  beam w id th s  u s u a l l y  em ployed a t  low er 
f r e q u e n c ie s  a r e  p r e f e r a b l e  t o  th e  n a rro w  beams u se d  i n  m ost o p t i c a l  
sy s te m s .
F u tu re  u s e s  o f s u b m il l im e tr e  w aves a r e  l i k e l y  t o  r e q u i r e  h ig h  power 
s o u rc e s ,  s e n s i t i v e  lo w  n o is e  d e t e c t o r s  a n d , i n  many c a s e s ,  th e  a b i l i t y  
to  m o d u la te  th e  beam. T h is  a s p e c t  o f s u b m il l im e tre  te c h n o lo g y  h a s  been  
s tu d ie d  i n  th e  p r e s e n t  program me by i n v e s t i g a t i n g  te c h n iq u e s  o f f a s t  
m o d u la tio n . T h is  f i r s t  in v o lv e d  d e v e lo p in g  te c h n iq u e s  f o r  Q -sw itc h in g  
a  g a s  l a s e r  a n d , s e c o n d ly , by  u n d e r ta k in g  an  i n v e s t i g a t i o n  o f th e  m agneto­
o p t i c a l  p r o p e r t i e s  o f s e v e r a l  m a g n e tic  m a t e r i a l s  w i th  th e  e v e n tu a l  aim  of 
p ro d u c in g  e x t e r n a l  m o d u la tio n  o f a  s u b m il l im e tre  s o u rc e .
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D evelopm ent o f a  Q -s w itc h in g  te c h n iq u e  h a s  b e e n  u n d e r ta k e n  on th e  HCN 
l a s e r .  I n  o rd e r  to  u n d e rs ta n d  m ore f u l l y  th e  Q -s w itc h in g  a c t i o n ,  p a r t  
o f th e  programme in v o lv e d  a  d e t a i l e d  i n v e s t i g a t i o n  o f  g a s  d i s c h a r g e  
phenomena i n  th e  HCN l a s e r  p la sm a . How ever, th e  m o d u la tio n  te c h n iq u e  
d e v e lo p e d  c a n , i n  p r i n c i p l e ,  be  a p p l ie d  to  many s u b m il l im e tr e  l a s e r  
s o u r c e s .
The work em barked upon i s  in tr o d u c e d  i n  C h a p te r  Two w i th  a  t h e o r e t i c a l  
d e s c r i p t i o n  o f f a r  i n f r a - r e d  g as  d is c h a r g e  l a s e r s .  A re v ie w  o f th e  known 
p r o p e r t i e s  o f th e  HCN l a s e r  r e p o r te d  i n  th e  l i t e r a t u r e  i s  g iv e n  in  
C h a p te r  T h re e . The th e o r y  c i t e d  i n  th e s e  c h a p te r s  i s  e x te n d e d  in  
C h ap te r Four and u s e d  to  a n a ly s e  th e  s w itc h in g  te c h n iq u e s .  E x p e r im e n ta l  
i n v e s t i g a t i o n  o f th e s e  te c h n iq u e s  and o f o th e r  p r o p e r t i e s  o f th e  l a s e r  
n e c e s s a ry  t o  u n d e rs ta n d  th e  s w itc h in g  p r o c e s s e s ,  p a r t i c u l a r l y  th e  pump 
m echanism , i s  d e s c r ib e d  i n  C h a p te r  F iv e  w i th  f u r t h e r  e v a lu a t io n  i n  
C h ap te r S ix .
As p r e v io u s ly  s t a t e d ,  s u b m il l im e tr e  sy s tem s depend  n o t  o n ly  on th e  power 
from  th e  s o u rc e ,  b u t  a l s o  on th e  p e rfo rm a n c e  o f th e  a v a i l a b l e  d e t e c t o r s .  
Far i n f r a - r e d  d e t e c to r s  a r e  o f t h r e e  b a s ic  ty p e s ,  p h o to c o n d u c tiv e , 
b o lo m e te r s ,  and r e c t i f y i n g  j u n c t i o n s .  B o lo m ete rs  have  h ig h  s e n s i t i v i t i e s  
and low n o is e  l e v e l s ,  b u t  a r e  l im i te d  i n  t h e i r  a p p l i c a t i o n  by t h e i r  slow  
re s p o n s e  t im e s .  The m ost common o f t h e s e ,  th e  G olay c e l l ,  was u sed  
th ro u g h o u t much o f t h i s  w ork . Good s e n s i t i v i t y ,  low n o is e  and f a s t  
r e s p o n s e ,  a r e  o b ta in e d  from  p h o to c o n d u c tiv e  d e t e c t o r s ,  th e  m ost w id e ly  
u sed  i n  th e  s u b m il l im e tr e  r e g io n  b e in g  th e  P u tley®  and R o llin^®  
d e t e c t o r s ,  and from  r e c t i f y i n g  j u n c t io n s  u s in g  th e  Jo se p h so n  e f f e c t® >6 . 
Hbw ever, th e  n e c e s s i t y  f o r  th e s e  d e v ic e s  t o  o p e r a te  a t  l iq u id - h e l iu m  
te m p e ra tu re s  i s  g e n e r a l l y  in c o n v e n ie n t .  I n  th e  p r e s e n t  programme f a s t  
d e t e c t i o n ,  r e q u i r e d  to  o b s e rv e  th e  Q -sw itch ed  o u tp u t  from  th e  l a s e r ,  was 
c a r r i e d  o u t  a t  room te m p e ra tu re  u s in g  th e  r e c t i f y i n g  p r o p e r t i e s  o f 
p o i n t - c o n ta c t s  made be tw een  a  tu n g s te n  w ire  a n te n n a  and m e ta l  and sem i­
c o n d u c to r  e l e c t r o d e s .  T hese  d e t e c to r s  hav e  a  f a s t  r e s p o n s e  and o p e ra te  
a t  room t e m p e r a t u r e ,b u t  " s u f fe r  from  low s e n s i t i v i t y  and a r e  s u b je c t  to  
damage by v i b r a t i o n .  An i n v e s t i g a t i o n  i n t o  th e  f i r s t  o f  th e s e  s h o r t ­
com ings, th e  s e n s i t i v i t y ,  i s  d e s c r ib e d  i n  C h ap te r S even . The p rob lem  
was ap p ro ach ed  e x p e r im e n ta l ly  by o b s e rv in g  th e  p e rfo rm a n c e  o f s e v e r a l  
d io d e s  u n d e r d i f f e r e n t  c o n d i t io n s ,  and o b ta in in g  a  b e t t e r  u n d e rs ta n d in g  
o f th e  d e v ic e  by d e v e lo p in g  an  im proved t h e o r e t i c a l  m odel o f  th e  d io d e  
j u n c t io n .
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The f i n a l  a s p e c t  o f th e  programme was an  i n v e s t i g a t i o n  o f th e  
p r o p e r t i e s  o f m a t e r i a l s  s u i t a b l e  f o r  m a g n e to -o p t ic a l  beam m o d u la tio n .
The f e a s i b i l i t y  o f m a g n e to -o p t ic a l  m o d u la tio n  in  th e  f a r  i n f r a - r e d  was 
d e m o n s tra te d  by B irc h  and Jo n e s^ ^  who o b ta in e d  m o d u la tio n  f r e q u e n c ie s  
in  e x c e s s  o f  2 MHz from  a  F a rad a y  e f f e c t  d e v ic e .  A lth o u g h  m o d u la tio n  
g r e a t e r  th a n  10 MHz h a s  been  a c h ie v e d  in  thfe s u b m il l im e tre  r e g io n  by 
im pact i o n i s a t i o n  o f im p u r ity  atom s in  doped se m ic o n d u c to rs ^ ^ , th e  
l iq u id - h e l iu m  te m p e ra tu re s  r e q u i r e d  p r o h i b i t  w ide a p p l i c a t i o n s  o f t h i s  
te c h n iq u e .  D evelopm ent o f t h i s  f i e l d  i n  th e  p r e s e n t  programme was 
t h e r e f o r e  r e s t r i c t e d  to  m a g n e to -o p t ic a l  m ethods w h ic h , a l th o u g h  l im i te d  
by th e  r a t e  a t  w hich  th e  a p p lie d  m a g n e tic  f i e l d  can  be r e v e r s e d ,  can  
be u t i l i z e d  a t  much h ig h e r  te m p e ra tu re s .  T h is  s tu d y  h a s  in v o lv e d  an 
e x p e r im e n ta l  su rv e y  o f m a g n e to -o p t ic a l  e f f e c t s  i n  g a r n e ts  a t  a  d i s c r e t e  
f re q u e n c y  o f 891 GHz and a  t h e o r e t i c a l  i n v e s t i g a t i o n  o f th e  o b se rv e d  
p r o p e r t i e s .
A t h e o r e t i c a l  a c c o u n t o f th e  F a rad a y  e f f e c t  i s  p r e s e n te d  i n  C h ap te r 
E ig h t  and e x te n d e d  to  ta k e  a c co u n t o f th e  v a r io u s  p r o p e r t i e s  c o n s id e re d  
to  be im p o r ta n t .  Seven d i f f e r e n t  r a r e - e a r t h  i r o n  g a r n e t s  have  been  
s tu d i e d .  Some o f th e s e  m a t e r i a l s  h av e  a l r e a d y  b een  s tu d ie d  i n  th e  n e a r  
i n f r a - r e d  and some have  a l s o  b een  shown to  p o s s e s s  c o n s id e r a b le  F a rad ay  
r o t a t i o n  a t  337 ym^®. The p h y s ic a l  p r o p e r t i e s  o f th e  g a r n e ts  n e c e s s a ry  
f o r  e v a lu a t i o n ,  p r im a r i ly  th e  m a g n e t is a t io n  and a n is o t r o p y ,  a r e  o u t l in e d  
in  C h a p te r  N ine and a r e  fo llo w e d  i n  C h ap te r Ten by th e  e x p e r im e n ta l  d a ta  
o b ta in e d  on F a ra d a y  r o t a t i o n ,  r e f r a c t i v e  in d e x  and r e f l e c t i o n  and 
a b s o r p t io n  c o e f f i c i e n t s .  A lth o u g h  th e  aim  o f th e  work i s  to  p ro d u ce  
in fo r m a t io n  from  w hich  m o d u la to rs  and n o n - r e c ip r o c a l  d e v ic e s  may be 
c o n s t r u c te d  f o r  room te m p e ra tu re  o p e r a t io n ,  m easurem ents w ere  made o v e r 
a  ra n g e  o f  te m p e ra tu re s  i n  o r d e r  to  a id  t h e o r e t i c a l  i n t e r p r e t a t i o n  o f 
th e  o p t i c a l  p a ra m e te rs  i n  te rm s o f th e  docum ented m a g n e tic  p r o p e r t i e s .  
T h is  a n a ly s i s  and e v a lu a t io n  o f  th e  r e l a t i v e  m e r i t s  o f th e  d i f f e r e n t  
g a rn e ts  a r e  p r e s e n te d  in  C h ap te r E le v e n .
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CHAPTER TWO 
GENERAL THEORY OF GAS LASERS
2 .1 .  I n t r o d u c t io n
As a  fo u n d a t io n  t o  th e  a n a ly s i s  i n  l a t e r  c h a p te r s ,  a  d e s c r i p t i o n  w i l l  
be g iv e n  o f th e  p h y s ic a l  p r i n c i p l e s  o f f a r  i n f r a - r e d  g as  l a s e r s .  The 
HCN l a s e r  i s  t y p i c a l  o f s u b m il l im e tre  g as  d is c h a rg e  s o u rc e s  as  th e  
r e f r a c t i v e  in d e x  o f th e  i n t e r - c a v i t y  medium* i s  n o t  o n ly  d e p en d en t on 
th e  l a s i n g  s p e c i e s ,  b u t  a l s o  on th e  e l e c t r o n  d e n s i t y ,  b o th  o f w hich  a r e  
t im e -d e p e n d e n t .
The a c c o u n t w i l l  f i r s t  c o n s id e r  o u tp u t  c o u p lin g  t e c h n iq u e s ,  th e  
a s s o c ia te d  l o s s e s  and th e  modes o f o s c i l l a t i o n .  T h is  i s  fo llo w e d  by a 
d e s c r i p t i o n  of th e  p r o c e s s e s  w h ich  o cc u r i n  th e  io n is e d  gas  colum n. 
F i n a l l y ,  a  d e s c r i p t i o n  o f th e  Q -sw itc h in g  m echanism  i s  g iv e n .
2 .2 .  O u tpu t c o u p lin g  te c h n iq u e s
A number o f d i f f e r e n t  m ethods can  be employed to  c o u p le  r a d i a t i o n  from  
th e  l a s e r  c a v i t y .  An uncommon te c h n iq u e  f o r  th e  s u b m il l im e tre  r e g io n  
i s  th e  u s e  o f p a r t i a l l y  t r a n s m i t t i n g  m i r r o r s .  How ever, t h i s  w i l l  be  
d is c u s s e d  a lo n g  w i th  h o le  c o u p l in g ,  beam s p l i t t e r  c o u p lin g  and 'M ic h e lso n  
c o u p l in g '.
2 . 2 . 1 .  T ra n sm is s io n  th ro u g h  m ir r o r s
P a r t i a l l y  t r a n s m i t t i n g  m i r r o r s  a r e  o f te n  u sed  a t  o p t i c a l  f r e q u e n c ie s ,  
b u t  th e  r e q u ire m e n t  f o r  h ig h  t r a n s p a re n c y  o f th e  s u b s t r a t e  on w hich  th e  
r e f l e c t i v e  f i l m  i s  d e p o s i t e d ,  r e s t r i c t s  t h e i r  u s e  i n  th e  f a r  i n f r a - r e d .  
The low g a in  and c o n se q u e n t l a r g e  s i z e  o f many s u b m il l im e tre  l a s e r s  
n e c e s s i t a t e s  th e  u s e  o f  l a r g e  d i m e t e r  m ir r o r s  w hich  u s u a l l y  l i m i t s  th e  
c h o ic e  o f m a t e r i a l  t o  M e lin ex  f i l m .  Curved r e f l e c t i n g  s u r f a c e s  can  be 
p ro d u c e d , a s  d e m o n s tra te d  by  M cCaul^^, by u s in g  th e  m ir r o r  t o  fo rm  p a r t  
o f a  p r e s s u r i z e d  c e l l .  H ow ever, i n  o rd e r  to  p ro d u ce  a  concave m i r r o r ,  
th e  c e l l  m ust b e  p la c e d  w i th in  th e  l a s e r  c a v i t y ,  w hich  r e q u i r e s  a  second  
M elinex  f i l m  to  be  p la c e d  a c r o s s  th e  c a v i ty .  The s u b se q u e n t r e d u c t io n  
i n  Q due to  r e f l e c t i o n s  from  t h i s  a d d i t io n a l  s u r f a c e  i s  u n d e s i r a b le  and 
so  th e  te c h n iq u e  i s  e s s e n t i a l l y  l im ite d  to  th e  u s e  o f p la n e  m i r r o r s .
2 .2 .2 .  H ole c o u p lin g
A c o u p lin g  te c h n iq u e  o f t e n  em ployed i n  f a r  i n f r a - r e d  l a s e r s  i s  to  d e r iv e  
th e  o u tp u t  beam by means o f  d i f f r a c t i o n  a t  th e  edge o f a  s m a ll  h o le  i n
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th e  c e n t r e  o f one o f th e  c a v i ty  m i r r o r s .  The l a s e r  power i n c id e n t  a t  
su ch  a  m ir r o r  s u r f a c e  h a s  b een  r e p r e s e n te d  by B rad ley ^ ^  a s
P = Pq jl-nr exp{ } . d r
w here P q i s  th e  pow er p e r  u n i t  a r e a  a t  th e  c e n t r e  o f th e  m i r r o r ,  r  i s
th e  r a d i a l  d i s t a n c e  from  th e  c e n t r e  and w i s  th e  mode r a d i u s ,  w i s  
d e f in e d  a s  th e  r a d iu s  a t  w h ich  th e  a m p litu d e  o f th e  r a d i a t i o n  a t  th e
m ir r o r  s u r f a c e  h a s  f a l l e n  t o  V e  o f t h a t  a t  th e  o p t i c  a x i s .  The t o t a l
i n t e g r a t e d  power i s  g iv e n  by
P = P q
TTW^
S O ,  w ith  a  h o le  a t  th e  c e n t r e  o f th e  m ir r o r  o f r a d iu s  a g , and w ith  
ao «  w , th e  f r a c t i o n  o f th e  t o t a l  power l o s t  by th e  m ir r o r  i s
T = . . . ( 2 . 1 )
w
2 .2 .3 .  Beam s p l i t t e r  c o u p lin g
Beam s p l i t t e r  c o u p lin g  u t i l i s e s  a  d i e l e c t r i c  f i lm  m ounted i n  th e  l a s e r  
c a v i ty  a t  an  a n g le  o f 45° to  th e  o p t i c  a x i s .  T h is  a rra n g em en t p ro d u ce s  
two o u tp u t  beam s, one r e f l e c t e d  from  ea ch  s id e  o f th e  f i lm .  C ham berlain  
e t  a l . 16 hav e  c a lc u l a t e d  th e  i n t e n s i t y  c o e f f i c i e n t  o f r e f l e c t i o n  o f a 
d i e l e c t r i c  f i l m  i n c l in e d  a t  45° t o  th e  i n c i d e n t  r a d i a t i o n  when m u l t ip le  
i n t e r f e r e n c e  i s  ta k in g  p l a c e .  F o r a  m a t e r i a l  o f r e f r a c t i v e  in d e x  n 
and th ic k n e s s  t ,  th e  r e f l e c t i o n  c o e f f i c i e n t  r  f o r  r a d i a t i o n  o f f re q u e n c y  
V i s  g iv e n  by
• - , -Vs ,p
w here
e = 27Tvtn cos 0 "
0'* i s  th e  a n g le  o f  r e f r a c t i o n  and R a r e  th e  s in g l e  s u r f a c es ,p
r e f l e c t i v i t i e s  when th e  e l e c t r i c  v e c to r  i s  r e s p e c t i v e ly  p o l a r i s e d  
p e r p e n d ic u la r  and p a r a l l e l  t o  th e  p la n e  o f in c id e n c e .  The d i f f e r e n t  
r e f l e c t i v i t i e s  e x p e r ie n c e d  by th e  two p o l a r i s a t i o n s  w i l l  p r e s e n t  
d i f f e r e n t  l o s s e s  and h e n c e  a  d i f f e r e n t  c a v i ty  Q f o r  th e  two p o la r i s e d  
m odes. U n lik e  th e  p r e v io u s  c o u p lin g  te c h n iq u e s ,  th e  beam s p l i t t e r  w i l l  
te n d  to  p ro d u ce  a  d e g re e  o f  p o l a r i s a t i o n  o f  th e  o u tp u t  beam.
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2 .2 .4 .  M ic h e lso n  c o u p lin g
T h is  c o u p lin g  t e c h n iq u e ,  d e s c r ib e d  by  W ells  e t  a l . ^ ? ,  a l s o  i n c o r p o r a te s  
a  beam s p l i t t e r  i n  th e  l a s e r  c a v i ty  a t  45° to  th e  o p t i c a l  a x i s .  A 
t h i r d  m ir r o r  i s  u sed  t o  r e t u r n  one o f th e  o u tp u t  beams to  th e  beam 
s p l i t t e r .  D en o tin g  th e  a m p litu d e  o f e a ch  o f  th e  beams n o rm a lly  
r e f l e c t e d  o u t o f th e  c a v i t y  a s  a ,  th e n  t r a n s l a t i o n  o f th e  t h i r d  m ir r o r  
to w ard s o r away from  th e  beam s p l i t t e r  w i l l  a l t e r  th e  i n t e n s i t y  o f th e  
o u tp u t  beam from  z e ro  t o  4 a ^ .
2 .3 .  C a v ity  lo s s e s
I t  w i l l  b e  u s e f u l  f o r  th e  a n a ly s i s  o f C h a p te r  S ix  to  d e r iv e  an 
e q u a t io n  f o r  th e  c a v i ty  l o s s e s .  C o n s id e r  th e  c a v i ty  r e p r e s e n te d  by 
F ig u re  2 ,1  w hich h a s  b e e n  form ed by two m ir r o r s  o f r e f l e c t i v i t i e s  r % 
and rg  and a  beam s p l i t t e r  o f r e f l e c t i v i t y  r 2 « A b s o rp tio n  i n  th e  l a s e r  
w i l l  be  r e p r e s e n te d  by th e  i n t e n s i t y  c o e f f i c i e n t  A and lo s s  due to  
d i f f r a c t i o n  by D, b o th  p a ra m e te rs  b e in g  d e f in e d  f o r  one t r a n s i t  o f  th e  
c a v i ty  by  a  w a v e f ro n t .
F ig u r e  2 . 1 .  S c h e m a t ic  r e p r e s e n t a t i o n  o f  a l a s e r  c a v i t y  i n  w h ic h  beam 
s p l i t t e r  o u t p u t  c o u p l i n g  i s  e m p lo y e d .  M ir r o r  r e f l e c t i v i t i e s  
rx and r 3 , beam s p l i t t e r  r e f l e c t i v i t y  r 2 , f r a c t i o n a l  
a b s o r p t i o n  l o s s  A.
F o llo w in g  th e  a n a ly s i s  o f  B irc h  and B rad ley^® , a  beam of u n i t  i n t e n s i t y  
a t  a  p o i n t  P i n  a  c a v i ty  w ith  no a c t i v e  medium w i l l  have an i n t e n s i t y
rx rg C l -  r 2 ) ^ ( l  -  A )^ ( l  -  D)^
when r e t u r n in g  to  P a f t e r  a  d o u b le  p a s s  be tw een  th e  m i r r o r s .  The 
f r a c t i o n a l  lo s s e s  i n  a  d o u b le  p a s s  a r e  t h e r e f o r e  e x p re s s e d  a s
f  = 1 -  rx rg C l -  r 2 ) ^ ( l  -  A )^ ( l  -  D)^ . . . ( 2 . 3 )
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2o4. R e s o n a to r  modes
A t h e o r e t i c a l  i n v e s t i g a t i o n  o f th e  d i f f r a c t i o n  lo s s e s  i n  a  F a b ry -P e ro t  
c a v i ty  h a s  b een  made by Fox and L i^ ^ . I t  was fo u n d  t h a t  a f t e r  many 
t r a n s i t s  o f th e  c a v i t y  by  th e  w a v e - f r o n t ,  a  c o n s ta n t  f i e l d  d i s t r i b u t i o n  
i s  p ro d u c e d . Many modes can  e x i s t  i n  t h i s  s te a d y  s t a t e ,  th e  lo w e s t 
o rd e r  mode h a v in g  i t s  g r e a t e s t  i n t e n s i t y  on th e  o p t i c a l  a x i s  and 
th e r e f o r e  e x p e r ie n c in g  th e  lo w e s t d i f f r a c t i o n  l o s s .  The a n a ly s i s  
found th e  l o s s e s  i n  c o n fo c a l  c a v i t i e s  to  b e ,  i n  some c a s e s ,  o r d e r s  o f 
m ag n itu d e  l e s s  th a n  th o s e  o f p la n e  p a r a l l e l  s y s te m s . Fox and L i 's  d a ta  
show ing th e  power l o s t  p e r  c a v i ty  t r a n s i t  p l o t t e d  a g a in s t  F r e s n e l  number 
a re  re p ro d u c e d  i n  F ig u re  2 .2 .  F o r r a d i a t i o n  o f w a v e le n g th  A, i n c id e n t  
on a  c i r c u l a r  m ir r o r  o f r a d iu s  a ,  th e  F r e s n e l  number i s  d e f in e d  a s
L b e in g  th e  l e n g th  o f th e  c a v i t y .  The a n g le  o f d i f f r a c t i o n  from  th e  
m ir ro r  can  be  ap p ro x im a te d  a s  4  = ^ / 2a a f t e r  t r a v e l l i n g  a  d i s t a n c e
L , th e  e n e rg y  l o s t  from  th e  w a v e - f ro n t  i s  2 L ^ /^ , w hich  i s  LA/a^2 . Hence 
i t  i s  s e e n  t h a t  th e  h ig h e r  th e  F r e s n e l  number th e  low er a r e  th e  
d i f f r a c t i o n  l o s s e s .
I t  i s  n o te d  from  F ig u re  2 .2  t h a t  th e  n o m e n c la tu re  f o r  modes i n  h o llo w
w avegu ides i s  a p p l ie d  t o  l a s e r  c a v i t i e s .  U sing  t h i s  n o t a t i o n ,
R neubühl and S te ffen ^®  p ro d u ced  an ap p ro x im ate  e x p re s s io n  f o r  th e
re s o n a n t  c a v i t y  l e n g th  L c o rre s p o n d in g  to  th e  TEM , mode as ^ ® qmn  ^ °  q+J ,m ,n - i
Lqmn
q b e in g  th e  l o n g i t u d in a l  mode num ber, P^^ th e  n^^  z e ro  o f th e  B e s s e l  
f u n c t io n  o f o r d e r  m, and A and N a r e  r e s p e c t i v e l y  th e  w a v e len g th  and 
F r e s n e l  num ber.
The above e x p r e s s io n  shows t h a t  a  num ber o f modes can  be e s t a b l i s h e d  
w i th in  a F a b ry -P e r o t  c a v i t y ,  b u t  n o t  a l l  w i l l  s im u lta n e o u s ly  o s c i l l a t e .  
By g e o m e tr ic a l  o p t i c s ,  F o g e ln ik  and L i^ l  a n a ly se d  th e  p a th s  o f r a y s  
p a s s in g  b e tw een  s p h e r i c a l  m i r r o r s .  Those r e s o n a to r s  i n  w hich  a  p e r io d i c  
r e f o c u s in g  o f t h e  r a y s  o c c u rs  w ere term ed  s t a b l e  o s c i l l a t o r s ,  w h ile  
th o s e  i n  w h ich  a  n e t t  d iv e rg e n c e  ta k e s  p la c e s  w ere u n s ta b l e .  F o r an 
i n f i n i t e  num ber o f p a s s e s  a lo n g  a  c a v i ty  o f l e n g th  L , i t  was found  t h a t  
s t a b l e  o s c i l l a t i o n  o c c u rre d  when
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Rl and R2 b e in g  th e  r a d i i  o f  c u rv a tu re  o f th e  two m ir ro r s o  K o g e ln ik
and L i 's  d iag ram  d e p ic t in g  s t a b l e  and u n s ta b le  f o rm a tio n s  i s  re p ro d u c e d  
i n  F ig u re  2 .3 ,  th e  u n s ta b l e  c o n d i t io n s  b e in g  shown by th e  sh ad ed  r e g io n s .  
C o n tin u in g  th e  i n v e s t i g a t i o n  by wave a n a l y s i s ,  th e  fu n d a m e n ta l mode was 
found  to  have a G a u ss ia n  r a d i a l  p r o f i l e  and t h a t  th e  w a v e - f ro n t  i s  
c o in c id e n t  w i th  th e  r a d iu s  o f c u rv a tu r e  o f th e  m i r r o r s .  T h is  showed 
t h a t  th e  w id th  o f th e  beam , 2w, m ust v a ry  a lo n g  th e  le n g th  o f  th e  
c a v i t y .  The d e f i n i t i o n  o f  w g iv e n  in  s e c t i o n  2 .2 .2  f o r  th e  m ir r o r  
s u r f a c e s  i s  a p p l i c a b l e  t o  any  p o s i t i o n  in s id e  th e  r e s o n a t o r .
An e x p r e s s io n ,  d e r iv e d  by K o g e ln ik  and L i ,  w hich  w i l l  be  u s e f u l  i n  l a t e r  
c h a p te r s ,  i s  f o r  th e  beam r a d iu s  w a t  th e  m ir r o r  s u r f a c e  i n  a  c a v i ty
w ith  m ir r o r s  o f e q u a l  c u r v a tu r e .  L e t t in g  R = Ri = R2 » t h i s  i s
i f *  " . ( 2 . 4 )
As b e f o r e ,  X i s  th e  w a v e le n g th  o f th e  r a d i a t i o n .  I t  i s  n o te d  t h a t  
t h i s  r e l a t i o n s h i p  was d e r iv e d  f o r  a  c a v i ty  w ith  an  i n f i n i t e  a p e r tu r e .  
B ecause o f  th e  r a p id  s lo p e  o f a  G a u ss ia n  c u rv e ,  th e  e x p re s s io n  i s  
c o n s id e re d  to  be  a good a p p ro x im a tio n  p ro v id e d  t h a t  w i s  l e s s  th a n  th e  
r a d iu s  o f th e  c a v i t y .
2 .5 .  The p r o p a g a t io n  o f e le c t r o m a g n e t ic  r a d i a t i o n  th ro u g h  a p lasm a
The a c t i v e  medium of an  HCN l a s e r  i s  form ed by  an e l e c t r i c a l  d is c h a rg e  
i n  a  v a p o u r o r  g a seo u s  m ix tu r e .  The th e o r y  o f e le c t r o m a g n e t ic  wave 
p r o p a g a t io n  i n  an u n m ag n e tise d  p lasm a  w i l l  now be  rev ie w e d  i n  o rd e r  to  
e v a lu a te  th e  e f f e c t  o f  th e  p lasm a  on th e  l a s e r  sy s te m .
The te rm  'p lasm a*  i s  a p p l ie d  t o  an  io n is e d  gas  c o n ta in in g  e q u a l num bers 
o f n e g a t iv e  and p o s i t i v e  c h a rg e s .  E ach p o s i t i v e  io n  w i l l  be  su rro u n d e d  
by a  c lo u d  o f e l e c t r o n s  w hose n e t t  c h a rg e  i s  e q u a l  and o p p o s ite  to  t h a t  
o f th e  i o n .  The p o t e n t i a l  w h ich  c o n t r o l s  th e  d i s t r i b u t i o n  o f p a r t i c l e s  
a b o u t th e  io n  i s  g iv e n  by  th e  's c r e e n e d  Debye i n t e r a c t i o n '^ ^
v ( r )  = | | -  ex p { .^ }
r  r e p r e s e n t s  th e  d i s t a n c e  o f  th e  e l e c t r o n  from  th e  i o n ,  Z i s  th e  number 
o f c h a rg e s  on th e  i o n ,  e i s  th e  e l e c t r o n i c  c h a rg e ,  £ th e  p e r m i t t i v i t y  
o f  th e  medium and X^ i s  th e  Debye l e n g th .  When r  «  X^, th e  i n t e r a c t i o n
-2 5 -
I - L /
W Ri
X
1 -  L/ ri
Figure 2 ,3 . S tab ility  diagram of laser cav ities. Unstable cavities  
occur in shaded regions. After Kogelnik and Li^i.
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betw een  th e  e l e c t r o n  and io n  a p p ro x im a te s  t o  t h a t  o f th e  Coulomb law ; 
how ever, f o r  r  ^ X^, th e  f i e l d  te n d s  t o  z e ro  e x p o n e n t i a l l y ,  due to  
s c re e n in g  by th e  e l e c t r o n  c lo u d . The Debye le n g th  i n  p lasm as  t h a t  form  
th e  a c t i v e  medium o f an  HCN l a s e r  i s  l e s s  th a n  10 ym^^ and hen ce  l e s s  
th a n  th e  337 ym w a v e le n g th  o f th e  l a s e r  r a d i a t i o n .  For th e s e  c o n d i t io n s ,  
th e  c o n t r i b u t i o n  o f th e  'f r e e *  e le c t r o n s  to  th e  r e f r a c t i v e  in d e x  y of 
th e  p lasm a  i s  g iv e n  by^Z
= 1 -  { ^ }  = 1 -  ^  . . . ( 2 . 5 )
c
H ere w i s  th e  a n g u la r  f re q u e n c y  o f th e  r a d i a t i o n ,  n  th e  e l e c t r o n  
d e n s i ty  and i s  te rm ed  th e  p lasm a  f re q u e n c y  g iv e n  by
w = p *^ em ■* e
m^ b e in g  th e  m ass o f an  e l e c t r o n ,  n^ i s  th e  h ig h e s t  e l e c t r o n  d e n s i ty  
th ro u g h  w hich  th e  r a d i a t i o n  can  p ro p a g a te  and i s  o f te n  r e f e r r e d  to  a s  
th e  ' c u t - o f f '  d e n s i t y .  The ' c u t - o f f  c o n d i t io n  c o rre s p o n d s  t o  w = 
from  w hich  th e  c r i t i c a l  d e n s i ty  i s  g iv e n  by
“  “ {"T^ * * • ( 2 'G )
At l e a s t  two e l e c t r o n  d e cay  m echanism s o c c u r i n  th e  l a s e r  p lasm a .
F i r s t l y ,  d i f f u s i o n  to  th e  w a l ls  o f th e  tu b e  w h ic h , i n  th e  a b sen ce  o f 
e l e c t r i c  and m a g n e tic  f i e l d s ,  i s  d e s c r ib e d  by^S
n ^ ( t )  = no e x p { -  ' . . . ( 2 . 7 )
w here ng i s  th e  d e n s i t y  a t  a  tim e  t  = 0 , D i s  a  d i f f u s i o n  c o e f f i c i e n t  
and A i s  known a s  th e  c h a r a c t e r i s t i c  d i f f u s i o n  le n g th  and i s  dep en d en t 
on th e  g eo m etry  o f th e  p lasm a  tu b e  a s
A
L and r  b e in g  th e  tu b e  le n g th  and r a d iu s  r e s p e c t i v e ly .
A t th e  m ag n itu d e  o f e l e c t r o n  d e n s i ty  o b se rv ed  i n  th e  p lasm a  o f a  p u l s e -  
e x c i t e d  HCN lase r^^» ^* * , sp a ce  ch a rg e  e f f e c t s  b e tw een  e le c t r o n s  and io n s  
w ould be  e x p e c te d  to  p ro d u ce  a m b ip o la r d i f f u s io n ^ ^ » ^ ^ .  M utual a t t r a c t i o n
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b e tw een  o p p o s i t e ly  c h a rg e d  p a r t i c l e s  w ould te n d  to  r e s t r a i n  th e  more 
r a p i d l y  m oving e l e c t r o n s  w h ile  i n c r e a s in g  th e  v e l o c i t y  o f th e  io n s .  
H ence, D i n  e q u a t io n  2 .7  becom es th e  a m b ip o la r  d i f f u s i o n  c o e f f i c i e n t .
The second  e l e c t r o n  d e cay  m echanism  i s  e l e c t r o n - i o n  r e c o m b in a t io n . 
T h is  t a k e s  p la c e  u n d e r  c o n d i t io n s  o f  n e t t  c h a rg e  n e u t r a l i t y .  D e n o tin g  
th e  io n  d e n s i ty  by  n ^ , sp a c e  c h a rg e  n e u t r a l i t y  r e q u i r e s
n . = n + e
A re c o m b in a t io n  c o e f f i c i e n t  a i s  d e f in e d  by^^
dn^ dn^ 
d t “  ^ d t “  “
dn e 2o r  -TT— = - a n  ^d t  e
I f  a  i s  a  c o n s ta n t ,  th e  s o lu t i o n  becom es 
1 1 = a t  . . . ( 2 . 8)
w here n^ = no a t  t  = 0 .
In  a  l a t e r  e x a m in a t io n , a  r e c o m b in a t io n  c o e f f i c i e n t  w i l l  be  d e te rm in e d  
f o r  th e  p lasm a  t h a t  fo rm s th e  a c t i v e  medium o f th e  h y d ro g en  c y a n id e  
l a s e r .  A number o f  d i f f e r e n t  ty p e s  o f  io n  c o n s t i t u t e  su ch  a  d i s c h a r g e ,  
so  an  e f f e c t i v e  r e c o m b in a t io n  c o e f f i c i e n t  a^^p  i s  in tro d u c e d  to  
r e p r e s e n t  th e  o v e r a l l  r e c o m b in a t io n  l o s s .
E q u a tio n  2 .5  shows t h a t  d u r in g  th e  t r a n s i e n t  c o n d i t io n s  o f  a  p u l s e -  
e x c i t e d  l a s e r ,  th e  r e f r a c t i v e  in d e x  o f  th e  p lasm a  w i l l  v a r y ,  a l t e r i n g  
th e  o p t i c a l  p a th  le n g th  o f  th e  c a v i t y .  I t  i s  t h e r e f o r e  e x p e c te d  t h a t  
d u r in g  th e  i o n i s a t i o n  and a f te r g lo w  p e r i o d s ,  th e  c a v i ty  w i l l  be
d i s tu r b e d  from  i t s  r e s o n a n t  c o n d i t io n .  P ro v id e d  t h a t  th e  v a r i a t i o n  o f
e l e c t r o n  d e n s i ty  i s  l a r g e  enough , th e  l a s e r  may b e  sw ept th ro u g h  s e v e r a l  
' g a in  p r o f i l e s ' .  T h is  s i t u a t i o n  can  b e  a n a ly s e d  by  e q u a tin g  th e  o p t i c a l  
p a th  l e n g th  i n  th e  c a v i ty  t o  a n  i n t e g r a l  number o f h a l f  w a v e le n g th s  
w hich  r e p r e s e n t s  a  r e s o n a n t  c o n d i t io n .  R e g a rd in g  th e  c a v i t y  t o  be
composed from  a n o n - io n is e d  r e g io n  o f  l e n g th  and a  p lasm a  o f  le n g th
Lp, th e n
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\  + L {l -  = q ' Y . . . ( 2 . 9 )
c
q b e in g  th e  l o n g i t u d in a l  mode num ber. D i f f e r e n t i a t i n g  y i e l d s
t o ------------- ^— r  . . . ( 2 . 10) 
v f *  ■ c
A t a  p a r t i c u l a r  v a lu e  o f n ,  t h i s  e q u a t io n  i s  s e e n  to  be c o n s ta n t  f o r  
a  l a s e r  o f s p e c i f i e d  f re q u e n c y  and a c t i v e  l e n g th .  T h is  r e s u l t  w i l l  b e  of 
u se  i n  l a t e r  a n a ly s i s  i n  w hich  th e  tim e  dep en d en ce  o f th e  o u tp u t  power 
o f th e  l a s e r  i s  e x p la in e d  i n  te rm s o f  th e  phenomenon o f 'm ode sw eeping* 
by  th e  d e c a y in g  p la sm a . F o r a  l a s e r  o f  t o t a l  c a v i ty  le n g th  L o p e r a t in g  
a t  a  c e n t r e  f re q u e n c y  v , t h e  change i n  o p t i c a l  p a th  AL n e c e s s a ry  to
sweep th ro u g h  th e  g a in w id th  Av i s  o b ta in e d  from  th e  r e l a t i o n s h ip ^ ^
AL Av 
L "  V
D i f f e r e n t i a t i n g  th e  p a th  le n g th  i n  e q u a t io n  2 .9  w ith  r e s p e c t  to  tim e  
g iv e s  th e  r a t e  o f  change  o f p a th  l e n g th
-1  ^p  dn
I 2n d t
-  ë - }
T h is  r e s u l t  p e rm i ts  th e  tim e  ta k e n  by  th e  p la sm a  t o  sweep th e  l a s e r  
th ro u g h  i t s  g a in  p r o f i l e  t o  be c a l c u la t e d  from
At = f ^ ^  . . . ( 2 . 1 1 )
2n  d t  c
As th e  b u i ld - u p  o f  th e  l a s e r  o u tp u t  m ust t a k e  p la c e  w i th in  t h i s  p e r io d ,  
t h i s  p a ra m e te r  in t r o d u c e s  a  fu n d a m e n ta l l i m i t a t i o n  to  th e  power 
g e n e ra te d  by  th e  l a s e r .  I t s  e f f e c t  on Q -s w itc h in g  and on th e  unm odula ted  
l a s e r  w i l l  be exam ined i n  l a t e r  c h a p te r s .
I t  was s t a t e d  e a r l i e r  t h a t  th e  d ecay  o f  a  p lasm a  was due , i n  p a r t ,  t o  
d i f f u s i o n  o f  c h a rg e d  p a r t i c l e s .  M cCaul^^ h a s  a n a ly s e d  th e  s i t u a t i o n  i n  
w hich  d i f f u s i o n  t o  th e  w a l ls  p ro d u c e s  a  r a d i a l . e l e c t r o n  d i s t r i b u t i o n  
w hich  c r e a t e s  a  d iv e r g e n t  p lasm a  l e n s .  The v a r i a t i o n  o f  th e  d e n s i ty  
a lo n g  th e  r a d iu s  r  o f a  tu b e  o f r a d iu s  ro  was r e p r e s e n te d  i n  an
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ap p ro x im a te  form  by th e  p a ra b o la
2-
n ( r )  = no [' “ ]
no b e in g  th e  e l e c t r o n  d e n s i ty  on th e  a x is  o f th e  tu b e ,  and 3 an  
e m p ir ic a l  c o n s ta n t  o f a  v a lu e  i n  th e  ra n g e  0 < 3 < 1. The e f f e c t  o f 
t h i s  d i s t r i b u t i o n  on th e  p a th  “o f  a  r a y  h a s  b een  g iv e n  by McCaul i n  th e  
form  of a  m a t r ix  e q u a t io n .  The p o s i t i o n  V2  and s lo p e  r 2 " o f a  r a y  w ith  
r e s p e c t  to  th e  o p t i c a l  a x is  a f t e r  t r a v e l l i n g  a  d i s t a n c e  t, i n  a  p lasm a  
from  a  p o in t  r^  fro m  th e  a x is  a t  a  s lo p e  r X  can  be  c a lc u la t e d  from
r 2
_  r z "  .
c o sh  aL s in h  aL a
a  s in h  aL c o sh  aL
r i
L r i '
. . . ( 2 . 12)
w here a  =
n
Assuming th e  e n t i r e  l e n g th  o f th e  c a v i ty  to  be f i l l e d  w ith  p la sm a , 
McCaul p r e s e n te d  th e  c o n d i t io n s  r e q u i r e d  f o r  s t a b l e  o s c i l l a t i o n  by
[■0 < co sli aL -
s in h  aL
aRj c o sh  aL -
s in h  aL
aR2
< 1 . . . ( 2 . 1 3 )
Rj and R2 a r e  th e  r a d i i  o f  c u r v a tu r e  o f th e  l a s e r  m i r r o r s .  T h is  shows 
t h a t  a t  h ig h  e l e c t r o n  d e n s i t i e s ,  lo s s e s  th ro u g h  r e f r a c t i o n  c o u ld  be  
s u f f i c i e n t l y  l a r g e  t o  p r e v e n t  th e  b u i ld - u p  o f r a d i a t i o n .  A s t a b i l i t y  
d iag ram  p ro d u ced  by McCaul to  in c lu d e  th e  e l e c t r o n  le n s  e f f e c t s  i s  
re p ro d u c e d  i n  F ig u re  2 .4 .  Over a  ra n g e  o f c o n d i t io n s  th e  p lasm a  can  
r e n d e r  th e  l a s e r  u n s ta b le ,  b u t  a s  th e  d e n s i ty  d ecay s  a f t e r  p u ls e d  
e x c i t a t i o n ,  th e  p o s i t i o n  o f th e  sy s tem  on th e  d iag ram  moves from  th e  
low er l e f t  t o  th e  u p p e r  r i g h t .  The c a v i ty  can  t h e r e f o r e  be  sw ept from  
an u n s ta b l e  c o n d i t io n  to  one w h ich  may s u p p o r t  o s c i l l a t i o n .  The e f f e c t  
o f su ch  a c t i o n  on th e  b u i ld - u p  o f r a d i a t i o n  i n  th e  l a s e r  c a v i ty  m ust 
depend on th e  r a t e  o f  r e d u c t io n  o f  th e  r e f r a c t i v e  l o s s e s .  An i n v e s t i g a t i o n  
i n t o  t h i s  p r o c e s s  w i l l  be  d e s c r ib e d  i n  C h ap te r F o u r.
I t  i s  e v id e n t  t h a t  th e  v a r i a t i o n  o f th e  e l e c t r o n  d e n s i ty  i n  th e  a c t i v e  
medium o f a  l a s e r  can  p la y  a  dom inan t r ô l e  i n  d e te rm in in g  th e  te m p o ra l 
o u tp u t  c h a r a c t e r i s t i c s  o f  th e  d e v ic e .  I t  w ould t h e r e f o r e  b e  o f i n t e r e s t
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c
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1-L / R
F i g u r e  2 . 4 .  S t a b i l i t y  d i a g r a m  o f  a l a s e r  c a v i t y  i n  w h ic h  t h e  
e l e c t r o n  l e n s  e f f e c t  i s  i n c l u d e d .  L / r g  = 6 0 .  
S t a b l e  c o n d i t i o n s  a r e  r e p r e s e n t e d  by sh a d e d  a r e a s  
( a f t e r  McCaul ,  r e f e r e n c e  1 4 ) .
to  d e te rm in e  - th is  v a r i a t i o n  e x p e r im e n ta l ly .  T h is  can be a c h ie v e d  by 
re c o rd in g  th e  o u tp u t  from  an in te r f e r o m e te r  as  i t  p a s s e s  th ro u g h  
s u c c e s s iv e  c o n d i t io n s  o f  c o n s t r u c t iv e  i n te r f e r e n c e  due to  th e  chang ing  
o p t i c a l  p a th  i n  a  p lasm a  lo c a te d  in  one o f th e  i n te r f e r o m e te r  arm s.
The p h ase  s h i f t  i n c u r r e d  in  c o u n tin g  e i t h e r  N m inim a o r  N maxima a t  
th e  o u tp u t  i s  g iv e n  by
A(fi = 2itN
T h is  can  be e x p re s s e d  in  te rm s o f th e  d i f f e r e n c e  in  p h ase  w hich o cc u rs  
w ith  th e  p lasm a p r e s e n t  in  th e  tu b e  and th e n  in  th e  ab sen ce  o f th e  p lasm a 
a f t e r  i t s  d e c ay . U sing  e q u a tio n  2 .5 ,  t h i s  i s
A* =
where x  i s  th e  g e o m e tr ic a l  le n g th  o f p a th  i n  th e  p lasm a . E q u a tin g  th e  
two e x p re s s io n s  e n a b le s  th e  d e n s i ty  to  be c a lc u la te d  d i r e c t l y  as
. . . ( 2 . 1 4 )
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2 .6 .  R a te  e q u a tio n s
T r a n s i t io n s  be tw een  v i b r a t i o n - r o t a t i o n  e n e rg y  l e v e l s  o f th e  a c t i v e  
m o le c u le  o f a  f a r  i n f r a - r e d  l a s e r  a r e  d e p ic te d  i n  F ig u re  2 .5  a s  p a r t  
o f a  s e r i e s  o f c a sc a d in g  l e v e l s .
4
F i g u r e  2 . 5 . Diagram o f  a s i m p l i f i e d  model  o f  t h e  e n e r g y  l e v e l s  
i n  a f a r  i n f r a - r e d  l a s e r  a c t i v e  m o l e c u l e .  Pump 
r a t e  R, s t i m u l a t e d  t r a n s i t i o n  p r o b a b i l i t i e s  W3 2  and W2 3 , 
s p o n t a n e o u s  r a d i a t i v e  p r o b a b i l i t i e s  X3 2  and X2 1 » and 
c o l l i  s i o n a l  d e - e x c i t a t i o n  p r o b a b i l i t i e s  and Xc2 *
T h is  s im p l i f i e d  m odel c o n s id e r s  o n ly  one s t im u la te d  t r a n s i t i o n  to  be 
p r e s e n t .  I t  h a s  th u s  b e e n  assum ed t h a t  th e  l a s e r  o p e r a te s  a t  a  s in g l e  
f re q u e n c y . A m ore conq)lex s i t u a t i o n  w i l l  be  d e s c r ib e d  i n  C hap te r T hree  
f o r  th e  HCN m o le c u le  w here s im u lta n e o u s  e m is s io n  o f  s e v e r a l  l i n e s  
in v o lv e s  t i g h t  c o u p lin g  b e tw een  th e  v a r io u s  l e v e l s .  Of th e  fo u r  l e v e l s  
shown i n  th e  d ia g ra m , s t im u la te d  e m is s io n  ta k e s  p la c e  from  l e v e l  3 to  
l e v e l  2 . The r a t e  a t  w h ich  m o le c u le s  a r e  p o p u la te d  i n  l e v e l  3 by decay  
from  l e v e l  4 w i l l  be a s s ig n e d  a s  th e  pump r a t e  R. F o r a  gas  d is c h a r g e  
l a s e r  i n  w h ich  th e  a c t i v e  s p e c ie s  a r e  c r e a te d  d u r in g  th e  i o n i s a t i o n  
p e r i o d , th e  pump r a t e  i s  e x p e c te d  to  be  a  f u n c t io n  o f  th e  o v e r a l l  
r e c o m b in a t io n  r a t e .  I f  K i s  th e  f r a c t i o n  o f  th e  recom bined  p a r t i c l e s  
w h ich  become ' a c tiv e *  m o le c u le s ,  th e n
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F o llo w in g  th e  a n a ly s i s  o f F r a y n e ^ ^ ,  th e  e f f e c t i v e  t r a n s i t i o n  p r o b a b i l i t y
i n  th e  a b sen c e  o f s t im u la te d  e m is s io n  f o r  th e  u p p e r X3 , and low er X2 ,
en e rg y  l e v e l s  o f  th e  l a s i n g  t r a n s i t i o n  w i l l  be  c o n s id e re d  to  be  form ed
r e s p e c t i v e l y  fro m  a  r a d i a t i v e  c o n t r ib u t io n  X32 , X21 and a  c o l l i s i o n a l
c o n t r i b u t i o n  X , X su ch  t h a t  C3 C2
^3 = ^32 + %c3
and
X2 = X21 +
R e p re s e n tin g  th e  p r o b a b i l i t i e s  f o r  s t im u la te d  e m is s io n  from  l e v e l  3 to  
l e v e l  2 a s  W32 and from  l e v e l  2 t o  l e v e l  3 by W2 3 , th e n  th e  r a t e s  o f 
p o p u la t io n  o f th e  two e n e rg y  l e v e l s  can  be  e x p re s s e d  a s
dNo
^  = R + W23N2 -  (X3 + W32>N3
and
dNo
=  ( W 3 2  +  X 32 ) N 3 -  ( W 2 3  +  X 2 > N 2
N3 and N2 a r e  th e  number d e n s i t i e s  o f th e  m o le c u le s  i n  th e  u p p e r and 
low er s t a t e s .  I f  we now c o n s id e r  th e  s te a d y  s t a t e  s i t u a t i o n  n e c e s s a ry  
f o r  CW o p e r a t io n ,  th e n
dN3 dN2 n
d r = d r  = °
w hich  g iv e s
R + W23N2 — (X3 + # 32)^2
and
( W 2 3  +  X 2 ) N 2  =  ( W 3 2  +  ^ 3 2 ) ^ 3
By com bin ing  th e s e  two e q u a t io n s ,  th e  e x p re s s io n s  f o r  th e  p o p u la t io n  of 
th e  u p p e r and low er s t a t e s  a r e  g iv e n  by
N- = ________ % 3 . t  ________
# 2 3 ( ^ 3  + ^2  “  A32) + A3A2
and
N2 = _______ (W32 + A32)R________
^ 23(^3  + &2 -  A32) A3A2
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Two p a ra m e te rs  o f im p o r ta n c e  i n  l a t e r  a n a ly s i s  a r e  th e  p o p u la t io n  
in v e r s io n  N = N3 -  N2 and th e  d e n s i ty  o f m o le c u le s  a v a i l a b l e  t o  i n t e r ­
a c t  w i th  th e  l a s e r  r a d i a t i o n  N3 + N2 . F o r a  s te a d y  s t a t e  c o n d i t io n ,  
th e s e  may be  w r i t t e n  a s
”  '  W23(A3 + A 2 ^ - ' x 3 2 ^ ^ +  X3 X2  . . . ( 2 . 1 5 )
and
2 .7 .  Q- sw i t  c h in g
The g a in  o f  a  l a s e r  medium i s  p r o p o r t io n a l  to  th e  p o p u la t io n  in v e r s io n  
and may be  w r i t t e n
a  = o(N 3 -  N2 ) . . . ( 2 . 1 7 )
The p a ra m e te r  a i s  r e f e r r e d  to  a s  th e  p eak  a b s o r p t io n  c r o s s - s e c t i o n  
and i s  d e f in e d  by^®
0 = N3 + N2
w here oq i s  th e  peak  a b s o r p t io n  o f th e  t r a n s i t i o n .  F or many l a s e r s ,  uq 
can  be d e te rm in e d  by m e a su r in g  th e  a b s o r p t io n  i n  th e  l a s e r  medium a t '  
a  low pump i n t e n s i t y ,  w h ich  e n s u re s  t h a t  th e  m a jo r i t y  o f p a r t i c l e s  a r e  
i n  t h e i r  g round  s t a t e .  At a  f ix e d  v a lu e  o f  N3 + N2 , cr i s  th e n  a 
m e a su ra b le  c o n s ta n t .  F o r th e  ty p e  o f l a s e r  d e s c r ib e d  i n  s e c t i o n  2 .6 ,  
th e  low er e n e rg y  l e v e l  o f  th e  t r a n s i t i o n  i s  n o t  th e  g round  s t a t e  and 
so  a  d i r e c t  a t t e n u a t i o n  m easu rem en t c a n n o t be  m ade. I t  i s  a l s o  e v id e n t  
t h a t  N3 + N2 i s  n o t  c o n s ta n t  and i s  d e p e n d en t on th e  pump r a t e .  F o r a  
gas  d is c h a r g e  l a s e r ,  uq w i l l  b e  re g a rd e d  a s  th e  g a in  a t  low i n t e n s i t y  
f o r  s p e c i f i e d  c o n d i t io n s  o f p r e s s u r e  and pump r a t e .
I n  th e  Q -sw itc h in g  te c h n iq u e ,  s t im u la te d  e m is s io n  i s  p re v e n te d  from  
ta k in g  p la c e  by te m p o r a r i ly  re d u c in g  th e  'Q^ o f  th e  c a v i ty  w h i l s t  
m a in ta in in g  a  h ig h  pump r a t e .  T h is  e n a b le s  th e  p o p u la t io n  in v e r s io n  t o  
b u i ld  up above th e  t h r e s h o ld  v a lu e  n e c e s s a ry  f o r  l a s e r  a c t i o n .  The 
s u b se q u e n t r i s e  and d ecay  o f r a d i a t i o n  in  th e  l a s e r  r e s u l t i n g  from  
s w itc h in g  th e  c a v i ty  from  a  low  t o  a  h ig h  Q c o n d i t io n  p a s s e s  th ro u g h  
th e  p h a s e s  i l l u s t r a t e d  i n  F igu ire  2 .6 .  A f te r  th e  s w itc h in g  a c t i o n ,  a  
p e r io d  o f s low  b u i ld - u p  o f  r a d i a t i o n  o c c u r s ,  T ^, fo llo w e d  by a f a s t e r
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cav ity  Q
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Figure 2 .6 . The variation with time of (a) the cavity Q, (b) the 
population Inversion, and (c) the photon density In 
a fa st Q-switched laser
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i n c r e a s e  i n  a  tim e  t _ ,  th e  p u ls e  r i s e , t i m e .  The r a d i a t i o n  tra p p e d  
in  th e  c a v i ty  u n d e rg o e s  a  r a p i d  r i s e  i n  i n t e n s i t y  u n t i l  a  f a l l  i n  th e  
g a in  r e s u l t s  from  a  s i g n i f i c a n t  r e d u c t io n  i n  th e  p o p u la t io n  i n v e r s io n .  
F o llo w in g  t h i s  r a p i d  r i s e ,  a  tim e  e la p s e s  i n  w h ich  th e  l a r g e  p h o to n  
d e n s i ty  d e p le t e s  th e  i n v e r s io n .  Due to  th e  f i n i t e  l o s s e s  i n  th e  c a v i t y ,  
th e  r a d i a t i o n  th e n  d e c a y s  i n  a  tim e  t ,  th e  c a v i ty  decay  t im e .  When 
a n a ly s in g  Q -sw itc h e d  p u l s e s ,  " i t  i s  u s e f u l  t o  e x p re s s  t  i n  te rm s  o f 
th e s e  l o s s e s  by
- 2 t
^  “ l o g ^ d  -  f )  . . . ( 2 . 1 8 )
w here t_  i s  th e  t r a n s i t  t im e  o f  a  w a v e fro n t b e tw een  th e  ends o f  th e  
c a v i t y  and f  th e  f r a c t i o n a l  l o s s e s  d e s c r ib e d  i n  s e c t i o n  2 .3 .  I t  w i l l  
be  s e e n  i n  C h a p te r  F ou r t h a t  t , a ,  t ^  and th e  c a v i ty  l e n g th  L , d e te rm in e  
th e  o v e r a l l  r i s e  o f  th e  o u tp u t  p u l s e .  T h is  in c lu d e s  T^, w h ich  s e t s  a  
l i m i t  t o  th e  tim e  i n  w h ich  th e  s w itc h in g  a c t i o n  m ust be  co m p le ted  to  
ta k e  a d v a n ta g e  o f th e  l a r g e  p o p u la t io n  in v e r s io n  when th e  p h o to n  d e n s i ty  
i s  r i s i n g  a t  i t s  maximum r a t e .
C o n s id e r  a  w a v e f ro n t i n  a  l a s e r  w i th  a  g a in  s u f f i c i e n t l y  s m a ll  t h a t  
changes i n  th e  e n e rg y  d i s t r i b u t i o n  may be  ig n o re d .  The f r a c t i o n a l  
in c r e a s e  p e r  second  $ /$  o f  th e  p h o to n  d e n s i t y  i s  a p p ro x im a te ly  
E x p re s s in g  th e  f r a c t i o n a l  l o s s  r a t e  a s  y ( t ) / ^ ,  th e n
d$ _ FuL Y ( t ) l . . . ( 2 . 1 9 )
y ( t )  i s  a  t im e -d e p e n d e n t l o s s  te rm  w hich  r e p r e s e n t s  th e  Q -m o d u la tio n .
The tim e  d ependence  o f  t h e  p o p u la t io n  i n v e r s io n  N i s  e v a lu a te d  i n  te rm s  
o f t h e  pump r a t e  and l o s s  r a t e s  due  t o  s t im u la te d  and sp o n tan eo u s  
e m is s io n  and c o l l i s i o n a l  d e p o p u la t io n .  E m iss io n  o f  a  p h o to n  re d u c e s  
N by  two u n i t s ,  w h ich  p ro d u c e s  a  c o n t r i b u t i o n  to  th e  in v e r s io n  r a t e  o f 
- 2 a L / t ^ .  The e f f e c t  o f  c o l l i s i o n a l  and r a d i a t i v e  d ecay  o f b o th  th e  
u p p e r and low er l e v e l s  o f th e  t r a n s i t i o n  w i l l  b e  ta k e n  i n t o  a c c o u n t by  
a  s i n g l e  p r o b a b i l i t y  X. E v a lu a t io n  o f  t h i s  p a ra m e te r  w i l l  b e  u n d e r ta k e n  
i n  C h a p te r  S ix .  U sing  e q u a t io n  2 .17^  th e  r a t e  o f  change o f  p o p u la t io n  
in v e r s io n  may b e  e x p re s s e d  a s
= -2$oN + & -  XN . . . ( 2 . 2 0 )a t  t_L
—36“
To f a c i l i t a t e  th e  u se  o f e q u a tio n s  2 ,1 9  and 2 .2 0  i n  l a t e r  c h a p te r s ,  th e  
te rm  * t h r e s h o ld  in v e r s io n *  w i l l  be  d e f in e d .  A l a s e r  i s  s a id  to  be a t  
i t s  th r e s h o ld  c o n d i t io n  when th e  g a in  i s  e x a c t ly  b a la n c e d  by th e  lo s s e s  
such  t h a t
oL ^ y ( t )
E q u a tio n  2 .1 9  shows t h i s  t o  o ccu r when d $ /d t  = 0 a n d , as  i l l u s t r a t e d  i n  
F ig u re  2 .6 ,  t h r e s h o ld  in v e r s io n  i s  a t t a i n e d  a t  th e  p e a k  o f th e  
Q -sw itch ed  o u tp u t  p u l s e .  The th r e s h o ld  i n v e r s io n  i s  o b ta in e d  from  
e q u a tio n  2 .1 7  t o  d e te rm in e  th e  p o p u la t io n  in v e r s io n  c o r re s p o n d in g  to  a 
i n  th e  above e x p re s s io n  a s
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CHAPTER THREE 
THE HYDROGEN CYANIDE LASER
3 .1 .  The a c t i v e  m o le c u le
S tim u la te d  e m is s io n  a t  a  w a v e le n g th  o f  337 m ic ro n s  was f i r s t  o b se rv e d  
i n  1964 b y  G e b b ie , S to n e  and F in d la y ^  when p u ls e  i o n i s i n g  e a c h  o f  th e  
g a seo u s  e x p o u n d s  HCN, CH3CN and C2H5CN i n  a  6 m e tre  lo n g  p la n e  o p t i c a l  
c a v i t y .  CW e m is s io n  was p e rfo rm e d  by  G ebbie  e t  a l .^ ^  i n  1966. 
I d e n t i f i c a t i o n  o f  th e  a c t i v e  s p e c ie s  was advanced  by  S ta fs u d d  e t  a l.^ O  
when show ing t h a t  th e  l a s e r  l i n e  c o u ld  o n ly  be g e n e ra te d  \d ien  h y d ro g en  
o r  d e u te r iu m  was added t o  a  c a r b o n - n i t r o g e n  m ix tu r e .  As th e  e m is s io n  
l i n e s  d id  n o t  f i t  t h e  th e n  known sp e c tru m  o f th e  HCN m o le c u le ,  S ta fs u d d  
s u g g e s te d  t h a t  a  m o le c u le  o f  th e  fo rm  H^CN, w here  x  > 1,  was b e in g  
p ro d u c e d . H ow ever, L id e  a n d  M aki^^ t h e o r e t i c a l l y  c a l c u l a t e d  th e  
v i b r a t i o n - r o t a t i o n  e n e rg y  l e v e l s  i n  t h e  HCN m o le c u le ,  shown i n  F ig u re  3 .1 ,  
■sdiich a g re e d  w i th  a c c u r a te  f re q u e n c y  m easu rem en ts i n  T a b le  3 .1  made by 
H ocker and  J a v a n ^ ^ .
T a b le  3 .1
A c c u ra te  f re q u e n c y  m easu rem en ts  o f  CW 
HCN l a s e r  e m is s io n  l i n e s
( a f t e r  H ocker and  J a v a n ,  r e f e r e n c e  32; 
c a l c u la t e d  v a lu e s  a f t e r  L id e  and M aki, r e f e r e n c e  31)
F req u en cy
(GHz)
W aveleng th
(m ic ro n s )
C a lc u la te d
w a v e le n g th
(m ic ro n s)
8 04 .7509 372 .5283 372 .55
8 90 .7607 3 3 6 .5 5 7 8 3 3 6 .5 0
894 .4142 335.1831 3 3 5 .2 4
9 64 .3 1 3 4 31 0 .8 8 7 0 3 1 1 .8 3
9 67 .9 6 5 8 3 0 9 .7 1 4 0 3 0 9 .7 0
(unm easured ) 284 284.01
The m easu rem en t te c h n iq u e  was t o  h a rm o n ic a l ly  m ix  th e  s u b m il l im e tre  
r a d i a t i o n  w i th  th e  o u tp u t  fro m  an  *0-band* k l y s t r o n .  The f r e q u e n c ie s  
o f  th e  f i v e  m ain  l i n e s  from  310 t o  373 pm w ere  o b ta in e d  t o  an  
e s t im a te d  a c c u ra c y  o f  1 p a r t  i n  10®. F u r th e r  f re q u e n c y  m easurem ent was 
c a r r i e d  o u t  by  B ra d le y  e t  a l .  p ro d u c in g  a  v a lu e  f o r  t h e  337 pm l i n e
—38—
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Figure 3.1• Energy level diagram for the HCN molecule. After Lide 
\  and Maki*i.
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Figure 3 .2 . Recorded modulations with cavity length of (a) 373 
(b) 337 ym, (c) 311 ym and 310 ym, and (d) 311 yn 
wavelength radiation from the HCN laser. After Frayne*?,
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of 890760 .2  ± 0 .2  MHz.
A lso  by  h a rm o n ic  m ix in g  w i th  an  *0-band* k l y s t r o n ,  H ocker e t  a l .^ ^ -  
m easu red  th e  g a in  w id th  o f  th e  3 3 7 'ym l i n e  from  a  CW l a s e r  t o  b e  8±2 MHz, 
To o b ta in  maximum o u tp u t  from  th e  l a s e r  w i th  su ch  n a rro w  l i n e  w id th s ,  
th e  l e n g th  o f  th e  c a v i ty  r e q u i r e s  o p t im iz a t io n  f o r  e a c h  a x i a l  m ode. 
M aking u s e  o f  t h i s  p r o p e r ty  t%) o b s e rv e  s u c c e s s iv e  modes b y  l i n e a r l y  
v a ry in g  th e  o p t i c a l  c a v i ty  l e n g th ,  F ra y n e^ ^  p ro v id e d  a d d i t i o n a l  
c o n f i r m a tio n  o f th e  e n e rg y  l e v e l  schem e o f  L id e  and M aki.’ The 
in te r f e r o g r a m s  o b ta in e d  and re p ro d u c e d  i n  F ig u re  3 .2  w ere  f i l t e r e d  w i th  
a  g r a t i n g  s p e c tro m e te r  i n  o r d e r  t o  s tu d y  th e  modes o f e a ch  w a v e le n g th  
s e p a r a t e l y .  I t  was fo u n d  t h a t  t ig h t^ c o u p l in g  b e tw een  th e  J= 1 0 (0 4 °0 ) 
and th e  J= 9 (0 4 °0 ) r o t a t i o n a l  l e v e l s  p ro d u c e d  c o m p e t i t io n  b e tw een  modes 
o s c i l l a t i n g  a t  337 ym and 311 ym. The p o p u la t io n  o f  th e  J= 9 (0 4 °0 ) 
l e v e l  i n c r e a s e s  when th e  l a s e r  i s  o p e r a t in g  a t  337 ym and b e c a u s e  o f  
th e  c o u p lin g  o f s u c c e s s iv e  l e v e l s ,  t h e  p o p u la t io n  o f  l e v e l  J= 1 0 (0 4 °0 ) 
a l s o  i n c r e a s e s ,  r e s u l t i n g  i n  a  l e s s  i n t e n s e  l i n e  a t  311 ym th a n  w ould 
have  o c c u rre d  had  t h e r e  b e e n  no e m is s io n  a t  337 ym. I t  was a l s o  found  
t h a t  when a  le n g th  o f  c a v i t y  had  b e e n  s e l e c t e d  t h a t  sh o u ld  a llo w  
s im u lta n e o u s  o s c i l l a t i o n  a t  b o th  310 ym and 311 ym, th e n  e m is s io n  to o k  
p la c e  a t  311 ym when n e i t h e r  th e  310 ym n o r  th e  337 ym l i n e s  o s c i l l a t e d .  
T h is  i s  e x p la in e d  by  c a sc a d e  fro m  J = 1 0 ( l P 0 )  t o  J = 9 ( l l* 0 )  b e in g  
i n h i b i t e d  e v e ry  12 .5 4  f r i n g e s  o f 310 ym, o b se rv e d  e x p e r im e n ta l ly  by  
F ray n e  e v e ry  13 f r i n g e s .  T h is  o b s e r v a t io n  s u g g e s ts  t h a t  c a s c a d in g  
t r a n s i t i o n s  a r e  t i g h t l y  c o u p le d  and t h a t ,  u n d e r  th e  c o n d i t io n s  o f  th e  
e x p e r im e n t , c o l l i s i o n a l  d e p o p u la t io n  i s  n o t  a  dom inan t p ro c e s s .. T h is  i s  
c o n s id e re d  t o  b e  a  n e c e s s a r y ,  a l th o u g h  i n s u f f i c i e n t ,  c o n d i t io n  f o r  a  
w o r th w h ile  i n c r e a s e  i n  pow er by  Q -m o d u la tio n .
3 .2 .  The CW HCN l a s e r
S tim u la te d  e m is s io n  a t  a  w a v e le n g th  o f  337 ym can  be  o b ta in e d  by  
i o n i s a t i o n  o f  s e v e r a l  d i f f e r e n t  co n fo u n d s  and g a seo u s  m ix tu r e s .  The 
g a in  o f th e s e  m ed ia  h a s  b e e n  m easu red  by  S ta fs u d d  and Yeh^® by o p e r a t in g  
a  d . c .  d i s c h a r g e  i n  an  a m p l i f i e r  tu b e  th ro u g h  w hich  s u b m il l im e tre  
r a d i a t i o n  was d i r e c t e d .  The maximum i n t e n s i t y  o f th e  in p u t  beam t o  th e  
tu b e  was 7 . 2  x 10" ^  w a t t s  cm“ ^ ,  th e  g a in  m easu rem en ts b e in g  fo u n d  to  be  
in d e p e n d e n t o f  t h e  s i g n a l  pow er a t  t h e s e  l e v e l s .  The l a r g e s t  g a in  
m easu red  by  S ta fs u d d  was i n  a  m e th a n e -n i tro g e n  m ix tu r e . Two s e t s  o f  
d a t a  f o r  t h i s  m ix tu re  a r e  r e p ro d u c e d  i n  F ig u re  3 .3 ( a )  f o r  a  p r e s s u r e  
r a t i o  m e th a n e ;n i t r o g e n  o f 2 :1  and i n  F ig u re  3 .3 ( b )  f o r  a  1 :1  r a t i o .
The g a in  i s  s e e n  t o  b e  a  f u n c t i o n ,o f  p r e s s u r e  and  d is c h a r g e  c u r r e n t  and 
i s  o b se rv e d  t o  d e c re a s e  w i th  in c r e a s e d  tu b e  d ia m e te r .
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Figure 3.3 . Gain at 337 pm wavelength against pressure In d .c .
discharges In (a) a 2:1 ratio of Ng to CHg In a 
5 cm diameter tube, and (b) a 1:1 ratio o f N2 to CHu 
In a 7.5 cm diameter tube. After Stafsudd and Yah s^,
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W ith a  1:1 m ix tu re  o f  m ethane and n i t r o g e n .  F u l le r ^ ^  fo u n d  t h a t  by  
r e s t r i c t i n g  th e  r a n g e  o f  g a s  p r e s s u r e s  and l im i t i n g  th e  c u r r e n t ,  a  s t r i a t e d  
d is c h a r g e  c a n  b e  p ro d u c e d . T h is  was found  to  be n e c e s s a ry  i n  o r d e r  t o  
o b ta in  a  n a rro w  o u tp u t  T in e  w h ic h , w i th  v e ry  s t a b l e  s t r i a t i o n s ,  c o u ld  
b e  re d u c e d  t o  a  few  k i l o h e r t z  i n  w id th  a t  891 GHz. I n c r e a s in g  th e  
c u r r e n t  w o u ld , a t  some p o i n t ,  p ro d u c e  a  n o n - s t r i a t e d  d i s c h a r g e  and 
a l th o u g h , i n  g e n e r a l ,  h ig h e r  pow ers c o u ld  be  g e n e r a te d ,  th e  l i n e  w id th  
w ould i n c r e a s e  by  a lm o s t one h u n d red  t im e s .
A CW pow er o f  60 mW fro m  a  2 .5  m e tre  long  7 .5  cm d ia m e te r  HCN l a s e r  
h a s  b een  r e p o r t e d  b y  S t a f s u d d ^ L a s e r s  w i th  a  lo n g e r  c a v i t y  and 
l a r g e r  d ia m e te r  h a v e  b e e n  b u i l t  by  Sharp and W eth ere ll^ ®  and by  B ra d le y  
e t  a l . 33 . S harp  and W e th e re l l  r e p o r te d  42 mW from  a  3 .4  m e tr e  lo n g ,
14 cm d ia m e te r  h o le  c o u p le d  l a s e r ,  w h i le  B ra d le y  o b ta in e d  75 mW from  an  
8 .5  m e tre  lo n g , 10 cm d ia m e te r  c a v i t y ,  u s in g  th e  M ic h e lso n  c o u p lin g  
te c h n iq u e  d e s c r ib e d  i n  s e c t i o n  2 .2 .4 .
3 .3 .  The p u l s e - e x c i t e d  HCN l a s e r
S u b m illim e tre  r a d i a t i o n  i n  th e  fo rm  o f  one o r  m ore p u l s e s  i s  g e n e ra te d  
when i o n i s i n g  th e  g a se o u s  medium o f  an  HCN l a s e r  by m eans o f  a  h ig h  
c u r r e n t  p u ls e d  d i s c h a r g e .  T h is  r a d i a t i o n  can  be  e m i t te d  d u r in g  th e  
c u r r e n t  f lo w  p e r io d  o r  i n  th e  a f t e r g lo w ,  and p eak  pow ers o f  45OW have 
b een  r e p o r te d  by S h arp  and W eth ere ll^®  from  a  d is c h a r g e  c u r r e n t  o f  
560 a m p eres .
A d e c a y in g  p lasm a  c a n  sweep a  l a s e r  th ro u g h  i t s  g a in  p r o f i l e  a s  d e s c r ib e d  
i n  s e c t i o n  2 .5 .  T h is  phenomenon h a s  b e e n  o b se rv e d  e x p e r im e n ta l ly  by 
W hitbourn  e t  a l . ^ 4 .  The d u r a t i o n  o f  p u l s e s  g e n e ra te d  i n  t h e  a f te r g lo w  
was s e e n  t o  i n c r e a s e  w i th  th e  t im e  e la p s e d  from  th e  c u r r e n t  d is c h a r g e  
and showed ag reem en t w i th  e q u a t io n  2.11  a s  th e  p la sm a  d e c a y  r a t e  
d e c re a s e d  th ro u g h o u t  t h i s  p e r io d .  E q u a tio n  2 .9  shows t h a t  f o r  an  
in c r e a s e  i n  c a v i t y  l e n g t h ,  a  g r e a t e r  e l e c t r o n  d e n s i ty  i s  n e c e s s a ry  to  
m a in ta in  t h e  r e s o n a n t  c o n d i t io n .  A p u ls e  o f r a d i a t i o n  e m i t te d  from  a  
d e c a y in g  p lasm a  i s  t h e r e f o r e  e x p e c te d  to  o c c u r a t  an  e a r l i e r  t im e  a f t e r  
le n g th e n in g  th e  c a v i t y .  T h is  e f f e c t  was a l s o  o b se rv e d  by  W hitbou rn  e t  
a l .  A greem ent w as o b ta in e d  b e tw een  m easu red  and c a lc u la t e d  m ir r o r  
d is p la c e m e n ts ,  w h ich  p ro v id e d  f u r t h e r  c o n f i rm a tio n  o f  th e  mode sc a n n in g  
m echanism .
W ith  p u l s e - e x c i t e d  f a r  i n f r a - r e d  l a s e r s ,  a  p e r io d  o f tim e  c a n  e x i s t  
b e tw een  th e  end o f  t h e  c u r r e n t  p u ls e  and th e  o n s e t  o f  o s c i l l a t i o n .  T h is
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d e la y  h a s  b e e n  o b se rv e d  i n  th e  3 8 ,3 9 ,4 0 ,4 1 ,4 2  o th e r  g as
d is c h a r g e  la s e r s ^ 3 » ^ ^ » ^ 5 ,4 6 ^  and u n d e r th e  same c o n d i t io n s  o f  l a s e r  
c o n f ig u r a t io n  and  p la sm a  d e n s i ty  h a s  b e e n  fo u n d  t o  b e  s h o r t e r  a t  h ig h e r  
r a d i a t i o n  f r e q u e n c y 's , 4 6 ,4 7 . T h is  c h a r a c t e r i s t i c  h a s  b een  a t t r i b u t e d  
by M c C a u l ^4 t o  th e  r e f r a c t i v e  le n s  e f f e c t  d e s c r ib e d  i n  s e c t i o n  2 .5 .
The f i n i t e  t im e  ta k e n  b y  a  d e c a y in g  p la sm a  t o  sweep th e  c a v i t y  from  an  
u n s ta b l e  c o n d i t io n  t o  one i n  w h ich  s t im u la te d  e m is s io n  may b u i ld  up i s  
s u g g e s te d  by  McCaul t o  c o n s t i t u t e  a  s e l f  Q -s w itc h in g  m echanism .
E q u a tio n  2 .1 3  shows th e  p e r io d  o f  i n s t a b i l i t y  t o  be  d e te rm in e d  by  th e  
r a d i a l  d i s t r i b u t i o n  o f  th e  e l e c t r o n  d e n s i t y ,  th e  g eo m etry  o f  th e  c a v i t y ,  
and th e  c u t - o f f  d e n s i t y .  The l a t t e r  te rm  i s  a  f u n c t i o n  o f  th e  f re q u e n c y  
o f  th e  r a d i a t i o n  and h en ce  s u p p o r t  f o r  M cCaul’ s  t h e o r e t i c a l  a n a ly s i s  i s  
g iv e n  by  th e  e x p e r im e n ta l ly  o b se rv e d  f re q u e n c y  d e p e n d en c e .
I n  a l l  th e  i n v e s t i g a t i o n s  r e p o r te d  a b o v e , t h e  g a se o u s  m ed ia  w ere 
e x c i t e d  by an  a x i a l  d is c h a r g e  a lo n g  t h e  l a s e r  c a v i t y .  S t im u la te d  
e m is s io n  from  a  t r a n s v e r s e ly  e x c i t e d  HCN l a s e r  h a s  b e e n  o b ta in e d  by 
Lam e t  a l . 48 b u t  o n ly  peak  pow ers o f  9W w ere  p ro d u c e d . A lth o u g h  th e  
te c h n iq u e  o f t r a n s v e r s e  e x c i t a t i o n  h a s  b e e n  im proved  by  K neubuhl e t  a l.G  
to  in c lu d e  u . v .  p r e - i o n i s a t i o n ,  an  a s s e s s m e n t  o f  w h e th e r  any n o ta b le  
a d v a n ta g e  was a t t a i n e d  c a n n o t b e  made a s  o n ly  th e  e n e rg y  o f th e  o u tp u t  
p u ls e s  was r e p o r t e d ,  w h ich  was fo u n d  to  b e  i n  th e  ra n g e  1 t o  10 m J.
3 .4 .  A c t iv é  Q -s w itc h in g  o f  th e  HCN l a s e r
A c tiv e  Q -s w itc h in g  o f  th e  HCN l a s e r  h a s  b e e n  p e rfo rm e d  by  Jo n e s  e t  a l . 42 
and b y  F ra y n e ^ ^ , u s in g  th e  r o t a t i n g  m i r r o r  t e c h n iq u e .  Jo n e s  e t  a l .  
s e p a r a te d  th e  r o t a t i n g  m ir r o r  fro m  th e  a c t i v e  medium b y  a  p o ly e th y le n e  
f i l m ,  w h i le  F ra y n e  in c o r p o r a te d  th e  r o t a t i n g  m ir r o r  i n t o  th e  vacuum 
sy stem  th u s  e l i m i n a t i n g  th e  need  f o r  a  window a c ro s s  th e  o p t i c a l  
c a v i t y .  P u ls e s  o f  r a d i a t i o n  w i th  p e a k  i n t e n s i t y  two t o  th r e e  tim e s  th e  
CW l e v e l  w ere  p ro d u ce d  by  Jo n e s  e t  a l .  when m o d u la tin g  a  d . c .  e x c i t e d  
l a s e r ,  and s l i g h t l y  l à r g e r  v a lu e s  o f  f i v e  t im e s  w ere r e p o r te d  by  F ra y n e . 
How ever, when Q -s w itc h in g  a  p u l s e - e x c i t e d  l a s e r ,  i n c r e a s e s  o f  two to  
t h r e e  t im e s  t h e  non-m odu l a  t e d  o u tp u t  w ere  a g a in  p ro d u ced  by Jo n e s  e t  a l . ,  
w h i le  a n  im provem ent o f  tw e n ty - f iv e  t im e s  was r e p o r te d  by  F ra y n e . B oth  
i n v e s t i g a t i o n s  showed t h a t  an  optimum r o t a t i o n  r a t e  o f  th e  m ir r o r  e x i s t s  
f o r  maximum o u tp u t .  D e c re a se  i n  p e a k  power and  p u l s e  w id th  a t  r o t a t i o n  
r a t e s  g r e a t e r  th a n  th e  optimum v a lu e  w ere  a t t r i b u t e d  by  Jo n e s  e t  a l .  t o  
th e  tim e  o f  a lig n m e n t o f  th e  c a v i t y  b e in g  to o  s h o r t  t o  a l lo w  th e  
r a d i a t i o n  t o  b u i ld  u p .
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î*lasina d e cay  m o d u la tio n  h a s  b een  u sed  by T a i t  e t  a l . 49 a s  a  Q -sw itc h in g  
te c h n iq u e .  F a s t  m o d u la tio n  o f th e  o p t i c a l  p a th  o f  th e  c a v i t y  was 
p ro d u ced  by  l o c a t in g  a  s e p a r a te  d is c h a rg e  w i th in  th é  l a s e r  c a v i t y  w hich  
was i o n is e d  by  m eans o f  a  s e p a r a te  p u ls e d  pow er s u p p ly .  T h is  d i s c h a r g e ,  
d i r e c t e d  t r a n s v e r s e l y  t o  th e  a x is  o f  th e  l a s e r ,  was s e p a r a te d  from  th e  
a c t i v e  medium by  a  p o ly th e n e  d iaphragm  to  e n a b le  e x p e r im e n ts  t o  be 
p e rfo rm e d  w i th  g a s e s  o th e r  th a n  th e  m e th a n e -n i tro g e n  m ix tu r e .  I t  was 
found  t h a t  w i th  d . c .  e x c i t a t i o n  o f th e  a c t i v e  m edium , th e  t r a n s i e n t  
c o n d i t io n s  o f  th e  a n c i l l a r y  d is c h a r g e  c a u se d  th e  l a s e r  t o  g e n e r a te  
p u ls e s  o f  337 ym and 311 ym r a d i a t i o n .  E x p e rim en ts  w ere  p e rfo rm e d  by 
p u l s e  i o n i s i n g  h y d ro g e n , n i t r o g e n ,  a rg o n  and h e liu m . H ydrogen had  th e  
f a s t e r  r a t e  o f  d e c ay  and  a rg o n  and h e liu m  th e  s lo w e r .  L a s e r  a c t i o n  to o k  
p la c e  a f t e r  th e  p e a k  d e n s i t y  o f  th e  p u ls e d  d is c h a r g e  had  b een  r e a c h e d , 
a f t e r  a  d e la y  w h ich  was g r e a t e s t  f o r  th e  m ore s lo w ly  d e c a y in g  p la s m a s .
Two p o s s ib l e  r e a s o n s  a r e  fo rw ard e d  by  T a i t  e t  a l .  f o r  t h i s  r e s u l t .
The c o l l i s i o n  f re q u e n c y  i n  th e  p lasm a  may h av e  b e e n  h ig h ,  th u s  k e e p in g  
th e  l a s e r  be low  i t s  th r e s h o ld  g a in  l e v e l ,  o r  th e  r a d i a l  p la sm a  d e n s i ty  
p r o f i l e  may h av e  p re v e n te d  o s c i l l a t i o n ,  due t o  r e f r a c t i o n .  I t  was 
found  t h a t  th e  r i s e  o f  th e  r a d i a t i o n  p u l s e s  was composed o f a  r a p i d  
b u i ld  up i n  i n t e n s i t y  fo llo w e d  by a  m ore g r a d u a l  i n c r e a s e .  T a i t  e t  
a l . ’ s  i n t e r p r e t a t i o n  o f ; th i s  i s  t h a t  l a s e r  a c t i o n  commences w i th in  th e  
g a in  p r o f i l e  o f  th e  l a s e r  and i s  th e n  sw ept ro u n d  th e  p r o f i l e  by th e  
t r a n s i e n t  d i s c h a r g e .  D u rin g  t h e  e a r l i e s t  p u l s e s ,  when th e  p h a se  s h i f t  
was m o st r a p i d ,  th e  s w itc h in g  p lasm a  sw ept th e  l a s e r  to w a rd s  i t s  l i n e  
c e n t r e  and beyond b e f o r e  a  s i g n i f i c a n t  b u i ld - u p  o f r a d i a t i o n  c o u ld  
ta k e  p l a c e .  T a i t  e t  a l .  s u g g e s te d  t h a t  t h i s  i n d i c a t e s  t h a t  th e  p lasm a 
sw eep ing  was s u f f i c i e n t l y  f a s t  f o r  u s e f u l  Q -s w itc h in g  b u t  i n  p r a c t i c e ,  
even  u n d e r  th e  m ost r a p id  s w itc h in g  c o n d i t io n s ,  th e  s h o r t e s t  p u ls e s  
l a s t e d  a p p ro x im a te ly  5 m ic ro se c o n d s  and no enhancem ent o f  th e  l a s e r  
pow er was o b s e rv e d .
W ith o u t p r i o r  know ledge o f  th e  w ork o f  T a i t  e t  a l . ,  an  a u x i l i a r y  p u ls e d  
d is c h a r g e  p la c e d  w i th in  th e  o p t i c a l  c a v i ty  o f a  l a s e r  was in c lu d e d  a s  
one o f  th e  Q -s w itc h in g  te c h n iq u e s  e v a lu a te d  a s  p a r t  o f  t h i s  i n v e s t i g a t i o n .  
A l a r g e r  r a t i o  o f  th e  o p t i c a l  p a th  l e n g th  i n  t h e  s w itc h in g  p la sm a  to  
t h a t  i n  th e  a c t i v e  medium was p ro d u ced  by  o r i e n t a t i n g  th e  a u x i l i a r y  
d is c h a r g e  l o n g i t u d i n a l l y  t o  th e  o p t i c  a x is  o f  th e  l a s e r .  A m ore r a p i d l y  
ch a n g in g  p h a se  c o n d i t io n ,  and hence  a  f a s t e r  s w itc h in g  a c t i o n ,  w ere 
th u s  o b ta in e d .  H ow ever, i n c r e a s in g  th e  sp eed  o f  an  o p t i c a l  s w itc h  
p ro d u ced  by  a  t r a n s i e n t  d is c h a rg e  can  hav e  th e  d e t r im e n ta l  e f f e c t  o f
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r e d u c in g  th e  tim e  a v a i l a b l e  f o r  th e  l a s e r  r a d i a t i o n  to  b u i ld  u p . T h is  
s i t u a t i o n  w i l l  b e  c o n s id e re d  f u r t h e r  a s  p a r t  o f  a  t h e o r e t i c a l  
e v a lu a t io n  i n  C h a p te r  F o u r .
-4 5 -
CHAPTER FOUR 
MODULATION OF THE HCN LASER
4 .1 .  I n t r o d u c t i o n
A b r i e f  a c c o u n t o f  p r e v io u s  i n v e s t i g a t i o n s  i n t o  Q -s w itc h in g  th e  HCN 
l a s e r  by p lasm a  p h a se  s h i f t  and by  th e  r o t a t i n g  m ir r o r  te c h n iq u e  was 
g iv e n  i n  C h a p te r  T h re e . A t h e o r e t i c a l  a n a ly s i s  w i l l  now be d e s c r ib e d  
i n  w h ich  th e  m e r i t s  o f  th e s e  and o f  o th e r  s w itc h in g  te c h n iq u e s  w i l l  be 
com pared„
4 .2 .  F a s t  c a v i t y  Q -sw itc h in g
F ig u re  2 .6  i l l u s t r a t e s  t h e  b e h a v io u r  o f  a  h ig h  i n v e r s io n  f a s t  sw itc h e d  
l a s e r .  A m ore d e t a i l e d  a n a ly s i s  o f  t h i s  s i t u a t i o n  w i l l  f o l lo w  a f t e r  
d e s c r ib in g  two te c h n iq u e s  by w h ich  a  s te p  change i n  t h e  c a v i t y  Q may 
b e  p ro d u ced  by  a c t i v e l y  m o d u la tin g  th e  l o s s e s  o f  th e  sy s te m . I n i t i a l l y  
an  i n f i n i t e l y  f a s t  s w itc h  w i l l  be  assum ed; h ow ever, th e  e f f e c t  on th e  
r a d i a t i o n  o u tp u t  from  f i n i t e  s w itc h in g  tim e s  s e t  by  t h e  l i m i t a t i o n s  o f 
p r a c t i c a l  te c h n iq u e s  w i l l  be  a s s e s s e d  i n  s e c t i o n  4 .3 .
4 . 2 . 1 .  G aseous a b s o rb e r  s w itc h
G ases and v a p o u rs  p ro d u c in g  s t r o n g  a t t e n u a t i o n  o f th e  e m is s io n  l i n e s  
o f  th e  HCN l a s e r  h a v e  b e e n  r e p o r t e d  b y  B ra d le y  e t  a l .^ O  and by Duxbury 
e t  a l . 51 and a  f u r t h e r  i n v e s t i g a t i o n  i n t o  su ch  a b s o r p t io n  p r o p e r t i e s  
w i l l  b e  d e s c r ib e d  i n  C h a p te r  F iv e .  A s w itc h in g  te c h n iq u e  i s  p ro p o sed  
xdiereby s t im u la te d  e m is s io n  i s  s u p p re s s e d  by  in t r o d u c in g  a  c e l l  
c o n ta in in g  su c h  a  g a s  i n t o  th e  l a s e r  c a v i t y .  H igh Q c o n d i t io n s  a r e  
th e n  e s t a b l i s h e d  by  i o n i s i n g  t h e  a b s o rb in g  medium my means o f  a  
s u b s id i a r y  d i s c h a r g e .
4 . 2 .2 .  P o l a r i s a t i o n  s w itc h
I t  was s t a t e d  e a r l i e r  t h a t  a  F a ra d a y  r o t a t i o n  d e v ic e  h a s  b een  p roduced  
by B irc h  and J o n e s H  fro m  w hich  m o d u la tio n  f r e q u e n c ie s  i n  e x c e s s  o f  
2 mHz  w ere  o b ta in e d .  The a v a i l a b i l i t y  o f  su c h  a  d e v ic e  m akes p o s s ib l e  
m o d u la tio n  o f  th e  p o l a r i s a t i o n  w i th in  a  l a s e r  c a v i t y .  The hem i­
s p h e r i c a l  r e s o n a to r  fo rm a tio n  u se d  by  B irc h  and B ra d le y 1® m ig h t re d u c e  
th e  beam d ia m e te r  s u f f i c i e n t l y  to  p a s s  th ro u g h  th e  a p e r tu r e  o f  a  
p r a c t i c a b l e  d e v ic e .  Beam s p l i t t e r  o u tp u t  c o u p lin g  e n s u re s  t h a t  o n ly  
modes w i th  th e  e l e c t r i c  f i e l d  p e r p e n d ic u la r  to  th e  p la n e  o f  th e  beam 
s p l i t t e r  o s c i l l a t e .  Q -sw itc h in g  i s  a c h ie v e d  by  r o t a t i n g  th e  beam
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th ro u g h  90° p e r  d o u b le  p a s s ,  th u s  p r e v e n t in g  o s c i l l a t i o n ,  and th e n  
s w itc h in g  th e  m a g n e tic  f i e l d  o f th e  r o t a t o r  so  t h a t  no n e t  r o t a t i o n  
i s  p ro d u c e d .
4 . 2 . 3 .  O u tp u t fro m  a  f a s t  sw itc h e d  l a s e r
A n a ly s is  o f  th e  l a s e r  o u tp u t  p ro d u ced  by f a s t  Q -s w itc h in g  i s  o b ta in a b le  
from  th e  r a t e  e q u a t io n s  2 .1 9  “and 2 .2 0  by  assum ing  a  s te p  change i n  th e  
l o s s  p a ra m e te r  y ( t ) .  F o llo w in g  th e  m ethod u se d  by  H e llw o rth ^ ® , th e  r a t e  
e q u a t io n s  w i l l  b e  d iv id e d  by th e  th r e s h o ld  i n v e r s io n
N = —^P TGA
and d e f in in g
N . $ , R
P P P
e n a b le s  th e  e q u a t io n s  t o  be e x p re s s e d  i n  a  m ore c o n v e n ie n t fo rm  f o r  
c o m p u ta tio n  a s
2^  = (n  -  y ) 4 . . . ( 4 . 1 )
and
— ” 2n<}) + r  — Xn . . .  ( 4 .2 )
w here t  i s  m easu red  i n  u n i t s  o f  th e  c a v i ty  d e c ay  t im e  a s
t  -  1T
An i n d i c a t i o n  o f  th e  v a lu e  o f  th e  l i f e t i m e  o f  th e  u p p e r  e x c i t e d  s t a t e  
was g iv e n  by  Jo n e s  e t  a l . **2 a s  6 y s ,  o b ta in e d  from  t h e i r  e x p e rim e n ts  
on Q -s w itc h in g . They s t a t e d  t h a t  t h i s  f i g u r e  may b e  to o  low due to  
th e  a p p ro x im a tio n s  made i n  t h e  d e r i v a t i o n  o f  th e  fo rm u la  u s e d . .
How ever, u s in g  t h i s  v a lu e ,  th e  v a r i a t i o n  o f  th e  p h o to n  d e n s i ty  and 
p o p u la t io n  in v e r s io n ,  n o rm a lis e d  w ith  r e s p e c t  t o  th e  th r e s h o ld  in v e r s io n  
i n  A l a s e r  c a v i ty ,  a r e  shown i n  F ig u re  4 .1 .  The s o l u t i o n  o f e q u a t io n s  
4 .1  and 4 .2  w ere  o b ta in e d  n u m e r ic a l ly ,  a s  d e s c r ib e d  i n  A ppendix  I ,  f o r  
a  l a s e r  6 .5  m e tre s  lo n g  w ith  l o s s e s  due to  a  d ia g o n a l  beam s p l i t t e r  o f 
r e f l e c t i v i t y  0 .1 .  T hese  v a lu e s  w ere  ch o sen  t o  b e  r e p r e s e n t a t i v e  o f  th e  
e x p e r im e n ta l  l a s e r s  d e s c r ib e d  i n  C h ap te r F iv e .  F o r t h i s  i n i t i a l  
i n v e s t i g a t i o n  i n t o  f a s t  s w i tc h in g ,  th e  te rm  r  -  Xn h a s  b e e n  g iv e n  an  
a p p ro x im a te  fo rm , X b e in g  e x p re s s e d  i n  te rm s o f  th e  l i f e t i m e  o f  th e
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Figure 4 .1 . Variation of (a) photon density and (b) population 
Inversion with time In a fa st Q-switched laser for 
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u p p e r s t a t e  o n ly ,  a s
.
and th e  pump r a t e  a s  a  n o m in a lly  low  v a lu e  o f
T
At r e p r e s e n t s  th e  tim e  expended  b e tw een  s u c c e s s iv e  c a l c u l a t i o n s  
r e q u i r e d  by  th e  n u m e r ic a l  t e c h n iq u e .  The f i g u r e  shows th e  s i t u a t i o n  
i n  w h ich  th e  Q -sw itc h  re m a in s  open  a f t e r  a  s te p  r e d u c t io n  i n  th e  c a v i ty  
l o s s e s .  I t  c l e a r l y  i n d i c a t e s  t h a t  th e  h ig h e r  th e  p o p u la t io n  in v e r s io n  
b e f o r e  s w i tc h in g ,  th e  g r e a t e r  w i l l  b e  t h e  p e a k  i n t e n s i t y  o f  th e  
r a d i a t i o n  p u l s e  and  th e  f a s t e r  w i l l  be  i t s  r i s e  and d e c a y . T hese p u ls e  
sh a p es  w i l l  b e  u s e f u l  i n  a  l a t e r  s e c t i o n  when com paring  s w itc h in g  
te c h n iq u e s .  How ever,^ c o n s ta n t  pump r a t e  and c o n tin u o u s  h ig h  Q a f t e r  
s w itc h in g  a r e  seldom  r e a l i z e d  w i th  g a s  l a s e r  s y s te m s , so  a  s tu d y  w i l l  
f i r s t  be  made o f  th e s e  c o n d i t io n s .
4 .3 .  F i n i t e  c a v i t y  Q -s w itc h in g  p e r io d s
The two Q -m o d u la tio n  e x p e r im e n ts  w i th  th e  r o t a t i n g  m ir r o r  te c h n iq u e  
d e s c r ib e d  i n  C h a p te r  T h ree  showed t h a t  enhancem ent o f th e  o u tp u t  power 
o f  th e  HCN l a s e r  can  be  a c h ie v e d  i n  t h i s  m anner. The te c h n iq u e  h a s  th e  
d is a d v a n ta g e  h o w ev er, t h a t  t h e  c a v i t y  m ir r o r s  a r e  o n ly  a l ig n e d  f o r  a  
f i n i t e  tim e  and t h a t  th e  p e r io d  o f  h ig h  Q can  o n ly  be  e x te n d e d  by 
d e c re a s in g  th e  s w itc h in g  s p e e d . A s i t u a t i o n  can  th u s  e x i s t  i n  w hich 
th e  c a v i t y  i s  n o t  a l ig n e d  f o r  a  t im e  lo n g  enough f o r  a  r a d i a t i o n  p u ls e  
t o  b u i ld  up to  i t s  o th e rw is e  maximum i n t e n s i t y .  A s im i l a r  s i t u a t i o n  m a y  
a l s o  e x i s t  when a  p u l s e  e x c i t e d  l a s e r  i s  p e r i o d i c a l l y  sw ept th ro u g h  
c o n d i t io n s  o f  h ig h  and low  Q by  th e  v a r i a t i o n  o f th e  p lasm a  d e n s i ty .
P e r io d i c  s w itc h in g  w i l l  be  s tu d i e d  by  exam in ing  th e  mode sc a n n in g  
p r o c e s s .  A m ore r e a l i s t i c  m odel o f  th e  pum ping m echanism  th a n  t h a t  u se d  
i n  th e  p r e v io u s  s e c t i o n  w i l l  b e  f o rm u la te d  from  th e  p r o p o s a ls  o f 
s e c t i o n  2 .5 .  I t  was s u g g e s te d  t h a t  th e  pump r a t e  i s  p r o p o r t io n a l  to  
th e  r e c o m b in a t io n  r a t e ,  w h ich  i n  t u r n  can  be o b ta in e d  from  th e  o v e r a l l  
r a t e  o f  p la sm a  d e cay  and  th e  r a t e  o f  e l e c t r o n  lo s s  th ro u g h  d i f f u s i o n .
A co m p ariso n  o f  th e  m a g n itu d e s  o f  th e s e  two p a ra m e te rs  u s in g  th e  v a lu e  
f o r  th e  d i f f u s i o n  c o n s ta n t  m easu red  by  S ch b tzau  and K neubühl^»^^ and 
th e  d e c ay  r a t e s  i n d ic a te d  by  W h itb o u rn  e t  al.^** show th e  c o n t r i b u t i o n  
t o  th e  pump r a t e  by  d i f f u s i o n  t o  b e  o f  se co n d a ry  im p o r ta n c e . An 
e x p re s s io n  f o r  th e  pump r a t e  i n  t h e  n u m e r ic a l  c a l c u l a t i o n s ,  a g a in
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d e s c r ib e d  in  A ppendix  I ,  w i l l  th u s  be
' “ F  • d T
P
K b e in g  th e  punqping f r a c t i o n  d e s c r ib e d  i n  s e c t i o n  2 .6 .
The sw eep ing  o f  a  c a v i t y  th ro u g h  i t s  r e s o n a n t  c o n d i t io n  can  b e  ta k e n  
i n to  a c c o u n t by  u s in g  e q u a t io n  2 .5  f o r  th e  e l e c t r o n i c  c o n t r i b u t i o n  to  
th e  r e f r a c t i v e  in d e x .  A ppendix  I  d e s c r ib e s  t h i s  f o r  a  L o r e n tz ia n  g a in  
p r o f i l e r s  i n  w h ich  th e  v a r i a t i o n  o f  th e  p lasm a  d e n s i ty  o v e r  a  s h o r t  
p e r io d  h a s  b e e n  a p p ro x im a te d  to  a  l i n e a r  d e c a y .
Conq>arison i s  made be tw een  th e  b u i ld - u p  o f  p h o to n  d e n s i ty  i n  th e  
c a v i t y  f o r  s i t u a t i o n s  i n  w h ich  c o n tin u o u s  p h a se  change ta k e s  p la c e  and 
t h a t  w hich  w ould o c c u r  i f  th e  c a v i t y  w ere  t o  rem a in  i n  a  s t a t i c  
r e s o n a n t  c o n d i t io n .  U sing  a s  t y p i c a l  v a lu e s  th o s e  p lasm a  d e n s i t i e s  
and d ecay  r a t e s  i n d ic a te d  by  W h itbou rn  e t  a l . ^ ^  and th e  same p a ra m e te rs  
f o r  c a v i ty  l e n g th ,  o u tp u t  c o u p lin g  and p r o b a b i l i t y  o f d e - e x c i t a t i o n  o f 
th e  p o p u la t io n  i n v e r s io n  p r e v io u s ly  em ployed . F ig u re  4 .2  shows th e  
c a lc u la t e d  p h o to n  d e n s i t i e s  p ro d u ce d  w i th  pum ping f r a c t i o n s  o f  10” ®,
10” ® and I0” 1®. I t  i s  s e e n  t h a t  f o r  a  pump r a t e  o f  4 x 10” % Np s e c ” ^ , 
th e  p eak  i n t e n s i t y  p ro d u ce d  when mode sc a n n in g  ta k e s  p l a c e  i s  l e s s  th a n  
t h a t  o b ta in e d  when th e  l a s e r  i s  c o n t in u o u s ly  r e s o n a n t ,  and so  th e  
o u tp u t  i s  i n h i b i t e d  by  th e  s lo w  s w itc h in g  r a t e  and th e  f i n i t e  s w itc h in g  
t im e . A lth o u g h  a  g r e a t e r  o u tp u t  i s  o b ta in e d  a t  th e  h ig h e r  pum ping r a t e  
o f  4 X 10” ! Np s e c  ^ , th e  m o d u la tio n  m echanism  a g a in  p r e v e n ts  th e  
r a d i a t i o n  from  b u i ld i n g  up to  i t s  o th e rw is e  optimum l e v e l .  I t  sh o u ld  
a l s o  b e  n o te d  t h a t  f o r  th e  low er pum ping r a t e  o f 4 x 10” ® Np s e c ” ^ , 
v e ry  l i t t l e  b u i ld - u p  o f  r a d i a t i o n  o c c u rs  u n d e r  m o d u la te d  c o n d i t io n s .
The unm odu la ted  c a s e  shows t h i s  t o  b e  due  to  th e  r i s e  tim e  o f th e  
r a d i a t i o n  p u ls e  b e in g  g r e a t e r  th a n  th e  mode sc a n n in g  t im e .
4 .4 .  R e f r a c t iv e  p la sm a  le n s
The r e f r a c t i v e  l e n s  e f f e c t  d e s c r ib e d  i n  C h a p te r  Two r e s u l t i n g  frcm  
r a d i a l  d i f f u s i o n  i n  th e  p lasm a  o f  g a s  l a s e r s  h a s  b een  p ro p o se d  by 
McCaul^^ a s  a  f u r t h e r  se  I f - s w i tc h in g  m echanism . The im p l ic a t io n  o f  
th e  h ig h  e l e c t r o n  d e n s i t y  on th e  a x i s  o f  t h e  d is c h a r g e  i n  th e  e a r l y  
p a r t  o f th e  a f t e r g lo w  i s  t h a t  a  d iv e r g e n t  le n s  i s  p ro d u ce d  o f  s u f f i c i e n t  
power to  p la c e  th e  l a s e r  i n  an  u n s ta b le  c a v i t y  r e g io n  o f th e  ty p e  
i l l u s t r a t e d  i n  F ig u re  2 .4 .  I n  t h i s  s i t u a t i o n  e n e rg y  s to r a g e  w i l l  o c c u r ,  
p ro d u c in g  a  sy s tem  w i th  a  h ig h  i n v e r s io n  when o s c i l l a t i o n  ta k e s  p la c e
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Figure 4 .2 . Theoretical variation of photon density in a laser  
against time for ( i )  a continually resonant cavity , 
and ( i i )  mode sweeping, for pump rates of 
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l a t e r  i n  th e  a f t e r g lo w .  To d i s t i n g u i s h  b e tw een  th e  b e h a v io u r  o f t h i s  
and o th e r  s w itc h in g  m echan ism s, i t  i s  im p e r a t iv e  t h a t  th e  sp eed  a t  
w hich  th e  change o f c a v i ty  Q ta k e s  p la c e  i s  c a l c u l a t e d .  To do t h i s , 
th e  r a d i a l  g a in  p r o f i l e  w i l l  b e  assum ed to  be  G a u s s ia n , a  s i t u a t i o n  
s u g g e s te d  by  K o g e ln ik  and L i^ l  t o  be  r e p r e s e n t a t i v e  o f  th e  a c t i v e  
p lasm a  medium o f  g a s  l a s e r s .  The e n e rg y  o f  a  w a v e f ro n t w i th  a  G a u ss ia n  
i n t e n s i t y  p r o f i l e  w i l l  b e  c a l c u l a t e d  u s in g  th e  e x p r e s s io n  f o r  th e  beam 
w id th  g iv e n  by e q u a t io n  2 .4 .  Assum ing an  a p p ro x im a te  e x p re s s io n  f o r  
th e  p r o f i l e  t o  be
I  =
r  r e p r e s e n t in g  a  p o in t  on th e  r a d i u s  o f  th e  m ir r o r  w i th  a  and b a s  
c o n s t a n t s ,  th e  fo l lo w in g  r e l a t i o n s h i p  i s  o b ta in e d
I  .  . . . ( 4 . 3 )
w here Iq  i s  th e  i n t e n s i t y  a t  th e  c e n t r e  o f th e  m ir r o r  ( r= 0 ) .
E q u a tio n  4 .3  may b e  d i f f e r e n t i a t e d  a s  
d l  ” 4 r  ( -2 r2 ) /w 2
T h is  p e r m i ts  an  e x p re s s io n  f o r  th e  power o f  th e  w a v e fro n t
f r = r I ( r )  • 2 irr • d r
r =0
t o  be  c a l c u l a t e d  a s
p .  _ e ( - 2r 2 ) / « 2 ;  . . . ( 4 . 4 )
T h is  e q u a t io n  r e p r e s e n t s  t h e  pow er o f th e  beam p a s s in g  th ro u g h  a 
c i r c l e  o f  r a d iu s  r  a t  th e  m i r r o r  s u r f a c e .  The t o t a l  power o f  an 
u n r e f r a c t e d  beam i s  th u s  fo u n d  by i n s e r t i n g  r  = r g ,  th e  m ir r o r  r a d i u s .  
F ig u re  4 .3  shows two p o s s ib l e  s i t u a t i o n s  i n  w h ich  a  r a y  a t  a  r a d i a l  
p o s i t i o n  r% a t  one m ir r o r  s u r f a c e  becom es r e f r a c t e d  to  th e  
c ir c u m fe re n c e  o f th e  second  m ir r o r  a f t e r  one p a s s  a lo n g  th e  c a v i t y .
The f r a c t i o n  o f  th e  e n e rg y  l o s t  p e r  c a v i ty  t r a n s i t  due  t o  th e  
i n t r o d u c t i o n  o f  th e  p la sm a  le n s  can  be found  a f t e r  c a l c u l a t i n g  th e  
e n e rg y  re m a in in g  i n  th e  c a v i t y  by p la c in g  r  = r% i n  e q u a t io n  4 .4 .  To 
o b ta in  a  v a lu e  f o r  r% , th e  m a t r ix  e q u a t io n  2 .1 2  i s  r e p r e s e n te d  a s
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Figure 4 .3 . Schematic representation of a laser cavity f i l le d  by 
two d istin ct regions of d ifferent optical density.
For the situation In which at least one region, a , 
i s  a coaxial plasma with a radial variation in i t s  
electron density, two conditions are shown whereby an 
infra-red ray passes out of the cavity after one transit 
between the mirrors. r% is  the radial position of a 
ray on reflection  from the f ir s t  mirror, r@ the cavity 
radius, the length of region o and L  is  the length 
of region y
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r 2 “ 11 “ 12 
“ 21  “ 22
r i  
L r r j
th e n  th e  s o lu t i o n
r2  = “ i i r i  + a i2 X i"  
can  be e v a lu a te d  by s u b s t i t u t i n g
T2 = ±ro
The a n a ly s i s  o f  K o g e ln ik  and L i showed t h a t  f o r  th e  fu n d am e n ta l mode 
th e  m ir r o r  s u r f a c e s  a r e  c o in c id e n t  w i th  th e  c u r v a tu r e  o f th e  w a v e f ro n t .  
T h is  e n a b le s  th e  i n i t i a l  g r a d i e n t  o f  th e  r a y  to  be e x p re s s e d  as  
r i ' '  = ( r i ) / R ,  R b e in g  th e  common r a d i i  o f  c u rv a tu re  o f th e  two m i r r o r s .  
In  o r d e r  to  ta k e  a c c o u n t o f th e  e f f e c t  o f a  beam s p l i t t e r  or s w itc h in g  
d e v ic e ,  a  s i t u a t i o n  i s  c o n s id e r e d ,  w h ich  i s  r e p r e s e n te d  i n  F ig u re  4 .3 ,  
i n  w h ich  th e  c a v i ty  c o m p rise s  two r e g io n s  o f l e n g th s  and o f 
d i f f e r e n t  o p t i c a l  d e n s i t y .  F o r t h i s  a n a l y s i s ,  th e  r e g io n  o f le n g th  
i s  c o n s id e re d  to  be  e v a c u a te d  so  t h a t  th e  c o r re s p o n d in g  m a t r ix  i s
Y ll Y l2 " 1 s
- Y 21 Y22 _ _ 0 1 _
r 1 can  now b e  c a l c u la t e d  from
r i  = r o { a n  -  ^  + L^[“21 "
- 1
. . . ( 4 . 5 )
The f r a c t i o n  o f  e n e rg y  l o s t  p e r  c a v i t y  t r a n s i t  due to  r e f r a c t i o n  can  
now b e  c a l c u l a t e d  from  e q u a tio n s  4 .4  and 4 .5 .  A ppendix  I I  d e s c r ib e s  
t h i s  f o r  a  c a v i t y  c o n ta in in g  two s e p a r a te  o p t i c a l  d e n s i ty  r e g io n s  a s  
shown i n  F ig u re  4 .3 ,  r e p r e s e n te d  by two r a y  m a t r i c e s .  The lo s s e s  
in c u r r e d  i n  a  l a s e r  750 cm lo n g  c o n ta in in g  a p lasm a  o f l e n g th  700 cm 
w ith  m i r r o r s  o f  r a d i i  o f  c u rv a tu r e  o f 750 cm a r e  r e s p e c t i v e l y  shown 
in  F ig u re s  4 .4 ( a )  and (b) f o r  c a v i t y  d ia m e te r s  o f  7 .6  and 15 cm. The 
f i g u r e s  a r e  p l o t t e d  f o r  d i f f e r e n t  p a ra b o la s  r e p r e s e n t in g  th e  p lasm a  
d e n s i ty  g r a d i e n t  d e s c r ib e d  by c o n s ta n ts  3 = 0 . 2 5 , 0 . 5 ,  0 .7 5 ,  3 h a v in g  
b een  d e f in e d  i n  s e c t i o n  2 .5 .  T h is  ra n g e  c o n ta in s  th e  v a lu e  o f 3 = 0 .6 5  
c o n s id e re d  by  M cCaul^^ to  a c c o u n t  f o r  h i s  e x p e r im e n ta l  o b s e r v a t io n s .
The f i g u r e s  show t h a t  th e  w id e r  d ia m e te r  l a s e r  i s  s t a b l e  a t  e l e c t r o n  
d e n s i t i e s  a p p ro x im a te ly  an  o r d e r  o f  m ag n itu d e  h ig h e r  th a n  th e  n a rro w e r
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Figure 4 .4 . Fraction of power lo st from a laser due to refraction 
against plasma density in (a) a 7.6 cm diameter cavity, 
and (b) a 15 cm diameter cavity. Radiation density 
profile constant 8 ■ ( i )  0.75, ( i i )  0 .5 , ( i i i )  0.25. 
Cavity length « R » 750 cm. Plasma length « /OO cm.
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o n e . A m odel o f th e  c a v i ty  was d e r iv e d  c o n ta in in g  two r e g io n s  o f 
d i f f e r e n t  o p t i c a l  d e n s i ty  so t h a t  a llo w a n c e  can  be made f o r  a  beam 
s p l i t t e r  o r s w itc h in g  d e v ic e ,. The e f f e c t  o f in t r o d u c in g  a n o n - r e f r a c t i v e  
le n g th  o f c a v i ty  i s  i l l u s t r a t e d  f o r  c o n s ta n t  e l e c t r o n  d e n s i ty  in  
F ig u re  4 .5 ,  show ing t h a t  th e  g r e a t e r  th e  le n g th  o f p lasm a  th e  h ig h e r  a re  
th e  r e f r a c t i o n  l o s s e s .  T h is  s i t u a t i o n  im p l ie s  t h a t  th e  g r e a t e r  th e  
p lasm a  le n g th  th e  lo n g e r  m ust be th e  decay  o f th e  a f te r g lo w  b e fo r e  l a s e r  
a c t i o n  ta k e s  p la c e  and hen ce  th e  s lo w er w i l l  be th e  r a t e  o f d e c a y . The 
p lasm a le n g th  th u s  a f f e c t s  th e  speed  o f th e  Q -sw itc h  w h e th e r  r e f r a c t i v e  
o r mode s c a n n in g . C om parison o f th e  sp e ed s  o f th e  two e f f e c t s  can  be 
made f o r  th e  l a s e r  c o n f ig u r a t io n s  c h o se n , u s in g  th e  c u rv e s  o f F ig u re  4 .4 .  
Assum ing th e  r e f r a c t i v e  sw itc h  to  o p e ra te  i n  th e  tim e  r e q u i r e d  f o r  th e  
f r a c t i o n  o f en e rg y  l o s t  to  change from  F = 0 . 9  to  F = 0 .1  and t h a t  o v e r 
t h i s  s h o r t  p e r io d  th e  p lasm a decay  can  be ap p ro x im ate d  to  a  l i n e a r  
v a r i a t i o n ,  th e n  th e  tim e  ta k e n  f o r  t h e  s w itc h  to  o p e ra te  w i l l  be
dn
At = 4 X 1012/ \ j ^ }
f o r  th e  7 .6  cm d ia m e te r  l a s e r  and
dn
At = 2 X 1 0 l 3 /  { ^ }
f o r  th e  15 cm d ia m e te r  l a s e r .  Comparing t h i s  w i th  th e  mode sc a n n in g  
t im e  g iv e n  by  e q u a tio n  2.11  a s
dn
At = 4 .8  X i o l V { ^ }
c a lc u la t e d  f o r  a  l a s e r  w ith  a  g a in  p r o f i l e  o f w id th  10 MHz^^ and assum ing
n << n , th e n  th e  p h ase  s h i f t  i s  se e n  to  be th e  dom inan t m echanism , e c
4 .5 .  Q -sw itc h  w ith  M icheIso n  c a v i ty  fo rm a tio n
A n a ly s is  p e rfo rm ed  i n  t h i s  c h a p te r  h as  shown t h a t  Q -sw itc h in g  a c t io n  
i s  l im i te d  by b o th  th e  speed  a t  w hich  th e  s w itc h  o p e ra te s  and th e  tim e  
f o r  w hich  th e  c a v i ty  rem a in s  i n  a  h ig h  Q c o n d i t io n .  I t  was a l s o  shown 
i n  F ig u re  4 .1  t h a t ,  f o r  th e  c o n d i t io n s  i n  w hich  b u i ld - u p  o f p o p u la t io n  
in v e r s io n  i s  pe rfo rm ed  by s u p p re s s in g  s t im u la te d  e m is s io n , a  minimum 
tim e  e x i s t s  f o r  th e  r i s e  o f th e  Q -sw itch ed  p u l s e .  An i n v e s t i g a t i o n  
w i l l  now be made o f  an a l t e r n a t i v e  s w itc h in g  te c h n iq u e  w hereby th e s e  
l i m i t a t i o n s  may be  overcom e by p la c in g  th e  s w itc h  o u ts id e  th e  r e s o n a n t  
c a v i t y .  The M ich e lso n  o u tp u t c o u p lin g  sy s tem  d e s c r ib e d  i n  s e c t i o n  2 .2 .4  
i s  a r ra n g e d  a s  shown i n  F ig u re  4 .6  so  t h a t  a  d is c h a r g e  may be  lo c a te d
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Figure 4 .5 . Fraction of power lo st from a laser due to refraction
against length of plasma In (a) a 7.6 cm diameter cavity, 
and (b) a 15 cm diameter cavity. Plasma density for (@)= 
(i)1xl0i}cm-*,(iiy&*10i2cm-3, ( i l l )  4xlOi% cm-s. Radial 
density profile  constant 8 * 0 .5 . Cavity length=R=750 cm. 
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fixed  m irror
a n c il la ry  discharge
beam s p l i t t e r
tunable 337 pm 
outputm irror
Melinex window
la se r  plasma
Ttunable m irror
Figure 4 .6 . Schematic representation of a gas discharge laser 
employing the 'Michelson* output coupling technique 
with an ancillary plasma for Q-switching
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betw een  th e  beam s p l i t t e r  and th e  a n c i l l a r y  m i r r o r .  By tu n in g  th e  
F a b r y -P é r o t  c a v i ty  t o  re s o n a n c e  and r e d u c in g  th e  o u tp u t  to  z e ro  by 
t r a n s l a t i o n  o f th e  t h i r d  m i r r o r ,  i t  i s  p ro p o se d  t h a t  a  Q -sw itch ed  
r a d i a t i o n  p u l s e  may b e  o b ta in e d  by p u ls e  i o n i s a t i o n  o f th e  s id e -a rm .
A n u m e r ic a l  i n v e s t i g a t i o n  o f t h i s  s w itc h in g  a c t io n  h a s  been  u n d e r ta k e n  
by e q u a t in g  th e  r e f l e c t i o n  c o e f f i c i e n t  o f th e  beam s p l i t t e r  to  z e ro  
b e fo r e  e x c i t a t i o n  o f th e  p la sm a . Assum ing th e  o u tp u t  c o u p lin g  t o  be 
th e  d o m inan t l o s s  m echanism , e q u a t io n  2 .3  shows t h a t  th e  lo s s  p a ra m e te r  
Y a p p ro a c h e s  z e ro  p r i o r  to  s w itc h in g  and u n i ty  a f te r w a r d s .  The 
c a l c u l a t i o n s  u n d e r ta k e n  to  r e p r e s e n t  th e s e  c o n d i t io n s  a r e  g iv e n  in  
A ppendix  I  and th e  r e s u l t s  shown i n  F ig u re  4 .7 .  U n lik e  th e  s w itc h in g  
m echanism s c o n s id e re d  p r e v io u s ly ,  th e  p e r io d  o f s to r a g e  a llo w s  b u i ld - u p  
o f b o th  th e  p o p u la t io n  i n v e r s io n  and th e  i n t e r n a l  p h o to n  d e n s i t y .  The 
r i s e  tim e  o f th e  sw itc h e d  r a d i a t i o n  p u ls e  u n d e r th e s e  c o n d i t io n s  i s  
t h e r e f o r e  l im i t e d  o n ly  by  th e  sp eed  o f o p e r a t io n  o f th e  s w itc h .
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Figure 4 .7 . Variation of (a) radiation output ♦q^ j . (b) Inter-cavity 
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against cavity decay time for a fa st Q-switched laser 
using the Michelson technique. In itia l population 
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CHAPTER FIVE 
EXPERIMENTAL INVESTIGATION OF THE HCN LASER
5olo I n t r o d u c t i o n
An a c c o u n t  i s  g iv e n  o f e x p e r im e n ta l  i n v e s t i g a t io n s  i n t o  th e  fo llo w in g  
m o d u la tio n  te c h n iq u e s :
( i )  g a seo u s  a b s o rb e r  i o n i s a t i o n  
( i i )  p lasm a  p h a se  s h i f t  
( i i i )  t h e ’M ic h e lso n ’ s w itc h in g  sy s tem .
I t  h a s  b een  shown t h a t  th e  o u tp u t  from  a  Q -sw itch ed  l a s e r  i s  a f f e c te d  
by th e  g a in  p r o f i l e  o f  th e  l a s e r  and  th e  c h a r a c t e r i s t i c s  o f th e  p lasm as 
w hich  fo rm  b o th  th e  o p t i c a l  s w itc h  and th e  a c t i v e  medium, A d e s c r i p t i o n  
o f th e s e  p r o p e r t i e s  w i l l  t h e r e f o r e  be g iv e n  a lo n g  w ith  o b s e rv a t io n s  on 
th e  p e rfo rm a n c e  o f th e  l a s e r s .  F i r s t l y ,  th e  c o n f ig u r a t io n s  and 
o p e r a t io n a l  c o n d i t io n s  o f  th e  HCN l a s e r s  u se d  i n  th e  i n v e s t i g a t io n s  
w i l l  be d i s c u s s e d .
5 .2 .  The HCN l a s e r s
M o d u la tio n  e x p e r im e n ts  w ere p e rfo rm e d  u s in g  an HCN l a s e r  sy stem  w ith  a 
volum e o f  a c t i v e  medium 7 .6  cm i n  d ia m e te r  and 480 cm in  le n g th .  Two 
c o n f ig u r a t io n s  o f t h i s  l a s e r  a r e  shown s c h e m a tic a l ly  i n  F ig u re  5 .1 ,
(a )  em p loy ing  beam s p l i t t e r  o u tp u t  c o u p lin g  and (b) h o le  c o u p lin g . Both 
v e r s io n s  in c o r p o r a te d  a  c e l l  i n  th e  o p t i c a l  c a v i ty  to  c o n ta in  a  s w itc h in g  
p la sm a . In  some e x p e r im e n ts  th e  g as  i n  th e  s w itc h in g  c e l l  was k e p t  
s e p a r a te  from  th e  r e s t  o f  th e  l a s e r  by p la c in g  a  M elin ex  window a c ro s s  
th e  c a v i t y  a t  th e  p o s i t i o n  d e n o te d  by W i n  th e  f i g u r e .
L arge  pow ers g e n e ra te d  by l a r g e  d ia m e te r  HCN l a s e r s  have  been  re p o rte d ^ G . 
The p r o p e r t i e s  o f a  15 cm d ia m e te r  l a s e r  w ere t h e r e f o r e  s tu d ie d  w ith  a  
v iew  to  Q -s w itc h in g  su ch  a  sy s te m . The o u tp u t  from  t h i s  l a s e r  was 
o b se rv e d  u s in g  h o le  c o u p lin g  and beam s p l i t t e r  c o u p lin g  te c h n iq u e s .  Both 
a rra n g e m e n ts  a r e  shown i n  F ig u re  5 . J ( c ) .
The c a v i t i e s  w ere  s e p a r a t e l y  f i l l e d  w ith  a  c o n tin u o u s  f lo w  of 
e th y le n e d ia m in e  v a p o u r , p ro p y la m in e  v a p o u r , a  m e th a n e -n i tro g e n  m ix tu re ,  
and a  m ethane-am m onia m ix tu re .  The l a s e r s  w ere th e n  e n e rg is e d  by 
i o n i s i n g  th e s e  g a seo u s  m ed ia  u s in g  th e  pow er su p p ly  d e s c r ib e d  i n  
A ppendix  I I I .  When o p e r a t in g  w ith  a  m atched  lo a d  o f f o r t y  ohms, t h i s  
su p p ly  p ro d u c e d  a  p u ls e  o f  c u r r e n t  f o r t y  m ic ro se c o n d s  i n  d u r a t io n  w ith
—61—
ra d ia tio n
beam a p l l t t e r  coupling
5.2 m
tunable 
m irror 
< *
(a)
. .1radiation^^_
w
bole coupling
tunable
m irror
(b)
W- 0,76m-V- 5.2 m
ra d ia tio n  both  beam s p l i t t e r  and tunable
m irrorhole coupling are  shown
ra d ia tio n
(c)
7.3m
Figure 5 .1 . Schematic representations of the formations o f the
cav ities of the various HCN lasers. Cavity diameter ■ 
(a) and (b) 7.6 cm, (c) 15 cm. A Melinex window can be 
inserted across the cavity at position w tn lasers (a) 
and (b).
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a r i s e  and f a l l  o f  a p p ro x im a te ly  a  m ic ro se c o n d . A c lo s e  a p p ro x im a tio n  
t o  t h i s  s q u a re  c u r r e n t  p u ls e  was o b ta in e d  when io n i s in g  a  m e th a n e -n i tro g e n  
o r  m ethane-am m onia m ix tu r e , n -p ro p y lam in e  and e th y le n e d ia m in e  v a p o u r  and 
th e  a t t e n u a t i n g  v a p o u rs  o f d e u te r iu m  o x id e  and d ic h lo ro m e th a n e . How ever, 
a  much s lo w e r  b u i l d  up and d ecay  o f th e  c u r r e n t ,  15 to  20 p s ,  o c c u rre d  
i n  d i f l u o r o e t h y le n e .
The f r a c t i o n a l  l o s s  a s s o c i a te d  w i th  ea ch  c a v i ty  c o n f ig u r a t io n  i s  a  
n e c e s s a ry  p a ra m e te r  f o r  th e  e v a lu a t io n  o f  th e  l a s e r  c h a r a c t e r i s t i c s .  
A pprox im ate  v a lu e s  w ere  c a lc u la t e d  by  assum ing  t h a t  th e  m a jo r  c o n t r ib u to r  
t o  th e  l o s s  o f  a  c o n fo c a l  c a v i ty  i s  t h a t  due t o  th e  o u tp u t  c o u p lin g  
m echanism . U sing  e q u a t io n  2 .1 ,  an  e s t im a te  o f th e  f r a c t i o n a l  l o s s  o f 
th e  h o le - c o u p le d  l a s e r  was fo u n d  t o  be
f  = 0 .4
To o b ta in  th e  v a lu e  f o r  th e  beam s p l i t t e r  c o u p le r ,  m easu rem en ts w ere  made 
o f th e  r e f l e c t i v i t y  a t  n o rm al in c id e n c e  o f s e v e r a l  s ta n d a rd  m a n u fa c tu re d  
t h ic k n e s s e s  o f  M e lin e x  f i l m .  F ig u re  5 .2  i n d i c a t e s  t h a t  by assum ing  a  
sy m m e tr ic a l f r i n g e  p a t t e r n ,  a  maximum v a lu e  o f  th e  r e f l e c t i v i t y  may be 
o b ta in e d  a s  0 .21  ± 0 .0 2  a t  a  f i lm  th ic k n e s s  o f 55 ± 5 pm. The 
r e f l e c t i v i t y  i s  e x p re s s e d  by
r  = 4R s i n f  ^/2
(1 -  R )2 + 4R s in ^
a  fo rm  o f  A i r y ’ s  fo rm u la  a r ra n g e d  by  T o lan sk y ^^  to  ta k e  i n t o  a c c o u n t 
m u l t ip l e  r e f l e c t i o n s  w i th in  t h e  f i l m .  R i s  th e  s in g l e  s u r f a c e  
r e f l e c t i v i t y  and
6 = 4 t t — ".cos (|)
w here  p i s  th e  r e f r a c t i v e  in d e x  o f th e  f i l m ,  t  th e  f i lm  th ic k n e s s  and 
X th e  w a v e le n g th  o f  th e  r a d i a t i o n .  T h is  fo rm u la , a p p l i c a b le  t o  p la n e  
w a v e f ro n ts  a t  s m a ll  a n g le s  ^ t o  th e  no rm al o f  th e  f i l m ,  i s  a  maximum 
when s in ^  ^/2  = 1 . Hence th e  above f i g u r e  f o r  th e  maximum v a lu e  o f  r  
e n a b le s  a  v a lu e  o f
R = 0 .0 5 6  ± 0 .0 0 8  
t o  b e  c a l c u l a t e d .  The c o rre s p o n d in g  f i l m  th ic k n e s s  s u b s t i t u t e d  i n t o  
2 p t  c o s  4>, = (n  + j)X  r
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Figure 5 ,2 . R eflectiv ity  o f Melinex film  at 891 GHz against 
thickness for radiation at normal Incidence
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w hich  i s  th e  p h a se  c o n d i t io n  f o r  maximum r e f l e c t i v i t y ,  y i e l d s ,  f o r  
no rm al in c id e n c e  and  f o r  an  i n t e g e r  n  = 0
y *  1. 6 8  ± 0 .1 5
C lo se  a g reem en t w i th  t h i s  v a lu e ,  and th u s  c o n f i rm a tio n  o f th e  c h o ic e  o f 
n ,  i s  o b ta in e d  by  i n s e r t i n g  R i n t o  th e  F r e s n e l  e q u a tio n  f o r  r e f l e c t i o n  
g iv in g
y = 1 .62  ± 0 .3 2
U sing  a  p o l a r i s a t i o n  a n a ly s e r  composed o f a  s e r i e s  o f p a r a l l e l  140 ym 
w ide  g o ld  l i n e s  sp aced  110 ym a p a r t  on a  M elin ex  f i l m ,  th e  o u tp u t  from  
th e  l a s e r  was o b se rv e d  t o  be  p o l a r i s e d  p a r a l l e l  to  th e  p la n e  o f 
in c id e n c e  w i th  th e  beam s p l i t t e r .  Hence f o r  a  f i lm  a t  45° to  th e  o p t i c a l  
a x i s ,  th e  a p p r o p r i a t e  F r e s n e l  e q u a t io n  e n a b le s  th e  s in g l e  i n t e r f a c e  
r e f l e c t i v i t y  t o  be  c a l c u l a t e d .  T h is  i n  t u r n  a llo w s  th e  r e f l e c t i v i t y  o f 
th e  beam s p l i t t e r  t o  b e  o b ta in e d  fro m  e q u a t io n  2 .2  a s  r  = 0 .2 5  ± 0 .0 9 . 
T ak ing  i n t o  a c c o u n t r e f l e c t i o n  from  b o th  s id e s  o f th e  beam s p l i t t e r ,  
e q u a t io n  2 .3  g iv e s  t h e  f r a c t i o n a l  l o s s  due  t o  th e  c o u p le r  a s
f  = 0 .5 6  ± 0 .0 7
5 .3 .  Power m easu rem en ts
5 . 3 .1 .  CW HCN l a s e r
The CW o u tp u t  pow ers from  th e  l a s e r s  w ere  m easu red  by  m e c h a n ic a lly  
ch opp ing  th e  beam and f o c u s in g  th e  r a d i a t i o n  i n t o  a  c a l i b r a t e d  G olay 
c e l l .  The m a n u fa c tu re r  o f  th e  G olay  c e l l ,  Pye Unicam , w ould q u o te  th e  
te m p e ra tu re  s t a b i l i t y  o f th e  d e v ic e  t o  no b e t t e r  th a n  1% p e r  °C.
The f o u r  d i f f e r e n t  m ed ia  w ere  io n is e d  i n  t u r n  i n  th e  15 cm d ia m e te r  
sy s tem  by  th e  d . c .  power su p p ly  d e s c r ib e d  i n  A ppendix I I I .  In  conmon 
w i th  th e  o b s e r v a t io n s  o f F u l l e r o u t l i n e d  i n  C h a p te r  T h re e , a  s t a b l e  
CW o u tp u t  fro m  t h e  l a s e r s  n e c e s s i t a t e d  l i m i t i n g  th e  c u r r e n t ,  and hence  
th e  o u tp u t  p o w er, t o  p ro d u ce  a  d i s c h a r g e  w i th  s t a t i o n a r y  s t r i a t i o n s .
A t h ig h e r  c u r r e n t s  th e  s t r i a t i o n s  becam e l e s s  s t a t i o n a r y  u n t i l  t h e i r  
f l u c t u a t i n g  m o tio n s  f i l l e d  th e  tu b e ,  p ro d u c in g  a  c o n tin u o u s  glow  d is c h a r g e .  
Under th e s e  c o n d i t i o n s ,  d io d e  d e t e c t i o n  showed th e  l a s e r  o u tp u t  to  
c o n ta in  a  l e v e l  o f  n o is e  composed o f  h a rm o n ics  o f  50 Hz. P ro d u c in g  a 
s t a b l e  d i s c h a r g e  a t  th e  low er p r e s s u r e s  was f a c i l i t a t e d  by  em ploying  a 
w a te r - c o o le d  h o llo w  c a th o d e .
The d i f f e r e n t  m ed ia  r e q u i r e d  d i f f e r e n t  g a s  p r e s s u r e s  i n  o r d e r  t o  m a in ta in
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a  s t a b l e  s t r i a t e d  d i s c h a r g e .  F ig u re  5 .3  shows th e  v a r i a t i o n  o f th e  CW 
o u tp u t  pow er w i th  d is c h a r g e  c u r r e n t  f o r  t h r e e  o f th e  m ed ia  u s in g  th e  
h o le - c o u p l in g  te c h n iq u e .  S ta b le  d is c h a r g e s  a t  p r e s s u r e s  g r e a t e r  th a n  
1 t o r r  w ere  o b ta in e d  w ith  a  m e th a n e -n i tro g e n  m ix tu re ,  b u t  a s  th e  f i g u r e  
im p l ie s ,  lo w er p r e s s u r e s  w ere  n e c e s s a ry  f o r  a  m ethane-am m onia m ix tu re ,
0 .4  t o r r ,  and e th y le n e d ia m in e  v a p o u r 0 .2  t o r r .  S t im u la te d  e m is s io n  
was o n ly  o b ta in e d  u s in g  p ro p y la m in e  v ap o u r a t  c u r r e n t  l e v e l s  w hich 
p ro d u ced  an  u n s ta b l e  d i s c h a r g e .  An i n d i c a t i o n  o f  th e  o u tp u t  l e v e l  
o b ta in a b le  i n  t h i s  s t a t e  i s  g iv e n  i n  T ab le  5 .1 .
By em p loy ing  beam s p l i t t e r  o u tp u t  c o u p lin g , h ig h e r  pow ers th a n  o b ta in e d  
p r e v io u s ly  w ere  p ro d u ce d  w i th  th e  m ethane-am m onia and m e th a n e -n i tro g e n  
m ix tu r e s ,  a s  shown i n  F ig u re  5 .4 .  How ever, no  r a d i a t i o n  was g e n e ra te d  
w ith  t h i s  l a s e r  c o n f ig u r a t io n  u s in g  p ro p y la m in e  o r  e th y le n e d ia m in e  
v ap o u r o T h is  r e s u l t  was c o n s id e re d  t o  be due to  th e  h ig h e r  lo s s  
c o n d i t io n s  o f th e  beam s p l i t t e r  c o u p led  c a v i ty  w h ich  r e q u i r e s  a  th r e s h o ld  
g a in  g r e a t e r  th a n  c o u ld  b e  p ro d u ced  by  e i t h e r  o f th e  low p r e s s u r e  v a p o u rs ,
S im ila r  t e s t s  w ere  p e rfo rm ed  w ith  th e  7 .6  cm d ia m e te r  l a s e r  sy s te m .
F ig u re  5 .5  shows th e  v a r i a t i o n  o f o u tp u t  power w ith  d is c h a rg e  c u r r e n t  
from  a  m e th a n e - n i tr o g e n  m ix tu re  and c o u p le d  o u t  by a  beam s p l i t t e r .  The 
f i g u r e  shows th e  o u tp u t  g e n e ra te d  i n  th e  a b se n c e  o f  a  M elinex  window 
i n s id e  th e  c a v i t y .  The in t r o d u c t i o n  o f  a  window i n to  th e  c a v i ty  r e q u i r e d  
in c r e a s in g  th e  c u r r e n t  t o  a  l e v e l  a t  w h ich  an  u n s ta b le  d is c h a rg e  was 
p ro d u ced  b e f o r e  s t im u la te d  e m is s io n  o c c u r r e d . An i n d i c a t i o n  o f  th e  
r e d u c t io n  o f CW power ca u se d  b y  th e  window i s  g iv e n  by th e  l e v e l  shown 
i n  T a b le  5 .2  w h ich  i s . 9 dB low er th a n  t h a t  o b ta in e d  w ith o u t  th e  window 
a t  th e  same c u r r e n t .  T h is  h ig h  lo s s  f i g u r e  i n d i c a t e s  a  s e r io u s  
l i m i t a t i o n  to  th e  u s e  o f an  a b s o r p t io n  c e l l  a s  a  s w itc h in g  d e v ic e .  T h is  
s i t u a t i o n  w i l l  b e  d i s c u s s e d  f u r t h e r  i n  s e c t io n  5 .6 .3 .
To e n a b le  th e  p h o to n  d e n s i ty  i n  th e  l a s e r  c a v i ty  t o  be a s c e r ta in e d  f o r  
e v a lu a t io n  o f  th e  s w itc h in g  te c h n iq u e s  i n  C h ap te r S ix ,  th e  p r o f i l e s  o f 
th e  o u tp u t  beams from  th e  l a s e r s  w ere m easu red  f o r  b o th  c o u p lin g  
te c h n iq u e s .  F ig u re  5 .6 ( a )  shows th e  c r o s s - s e c t io n  o f  th e  o u tp u t  from  
th e  beam s p l i t t e r  i n  th e  15 cm d ia m e te r  sy s te m , and F ig u re  5 .6 ( b )  t h a t  
o b ta in e d  fro m  th e  h o le - c o u p le d  a rra n g e m e n t.
5 . 3 . 2 .  P u l s e - e x c i t e d  HCN l a s e r
S tim u la te d  e m is s io n  fro m  e a ch  o f  th e  l a s e r  sy s tem s was o b se rv e d  w h ile  
e n e rg is e d  w i th  c u r r e n t  p u ls e s  g e n e ra te d  b y  th e  B lum le in  m o d u la to r  
d e s c r ib e d  i n  A ppendix  I I I ,  D e te c t io n  u s in g  p o in t - c o n ta c t  d io d e s ,  showed
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Figure 5 .3 . CW output power from the IS cm diameter hole-coupled
laser against current for (a) 0.4 torr of methane-ammonia 
mixture» (b) 1.0 torr of a methane-nitrogen mixture» and 
fc) 0.2 torr o f ethylenediamine vapour. Crossed bars 
Indicate uncertainty.
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Figure 5 .4 . Total CW output power from the 15 cm diameter beam
sp litte r  coupled laser against current for (a) 0.4 torr 
of a methane-ammonia mixture» and (b) 1 torr of a 
methane-nitrogen mixture. Crossed bars Indicate 
uncertainty.
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Figure 5 .5 . Total CW output power against discharge current for a 
7.6 cm diameter beam sp litte r  coupled HCN laser. 
Discharge in 1.2 torr of a methane-nitrogen mixture. 
No window inside cavity.
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Figure 5 .6 . Beam profiles of the outputs from the 15 cm diameter 
laser for (a) a beam sp litte r  coupled output, and 
(b) a hole-coupled output. Crossed bars Indicate 
uncertainty.
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th e  o u tp u t  to  c o n s i s t  o f  a  c h a in  o f r a d i a t i o n  p u l s e s .  The d u r a t i o n  o f 
th e s e  p u l s e s  was s h o r t  i n  com parison  w ith  th e  r i s e  o f a  G olay c e l l  w hich 
c o u ld  t h e r e f o r e  b e  u se d  t o  m easu re  th e  r a d i a t i o n  e n e rg y . The o u tp u t  
from  th e  d io d e  d e t e c t o r s  was d is p la y e d  a s  v o l ta g e  a g a in s t  t im e . H ence, 
e q u a t in g  th e  t o t a l  e n e rg y  w i th  th e  a r e a  u n d er th e  p u ls e s  e n a b le d  th e  
d io d e  o u tp u t  t o  b e  c a l i b r a t e d  i n  te rm s o f  r a d i a t i o n  pow er.
The v a r i a t i o n  o f  t h e  s u b m il l im e tre  e n e rg y  g e n e ra te d  by  th e  15 cm d ia m e te r  
l a s e r  i n  vrtiich a  m ix tu re  o f  m ethane and n i t r o g e n  a t  a  p r e s s u r e  o f 1 t o r r  
was p u l s e  i o n i s e d ,  i s  shown a g a in s t  d is c h a r g e  c u r r e n t  i n  F ig u re  5 .7 .
The g r a d i e n t  o f  t h i s  c u rv e  i s  s e e n  to  d e c re a s e  a t  h ig h  c u r r e n t s .  An 
e x p la n a t io n  i n  te rm s  o f  a  s h o r te n e d  p e r io d  o f l a s e r  a c t i o n  th ro u g h  
enhancem ent o f  r e f r a c t i o n  i n  th e  p lasm a  i s  su p p o rte d  by o b s e rv in g  th e  
r a d i a t i o n  p u l s e s .  F ig u re  5 .8 ( a )  shows s im u lta n e o u s  o u tp u ts  from  b o th  
beam s p l i t t e r  and h o le  c o u p lin g  a f t e r  an  i n i t i a l  d is c h a rg e  c u r r e n t  o f 
800 a m p eres . No r a d i a t i o n  was g e n e ra te d  by th e  m ain  c u r r e n t  p u l s e s .
T a b le  5 .1
15 cm d ia m e te r  l a s e r
l e n g t h  o f  o p t i c a l  c a v i ty  = 7 .3  m e tre s
l e n g th  o f  a c t i v e  medium = 7 . 0  m e tre s
r a d i i  o f  c u r v a tu r e  o f m i r r o r s ,  RI = R2 = 760 cm
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Figure 5 .7 , Energy of output radiation per discharge against
discharge current for the 15 an diameter, beam sp litter  
coupled, HCN laser. Discharge In a I torr methane- 
nitrogen mixture. Pulse repetition frequency •  3 pulses 
per second. Crossed bars Indicate uncertainty.
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T a b le  5 .2  
7 .6  cm d ia m e te r  l a s e r
l e n g th  o f a c t i v e  medium = 4 . 8  m e tre s
r a d i i  o f  c u r v a tu r e  o f  m i r r o r s ,  R1 = R2 = 452 cm
/ Medium P r e s s u r e( t o r r )
C u rre n t
(am peres)
EoZe-'Qoupted la s e r
( le n g th  o f  o p t i c a l  c a v i t y  = 5 . 9  m e tre s )
P u ls e d p ro p y la m in e
v a p o u r 0 .7 380
0 . 01±0 .0 0 2  m j 
w i th  window
P u ls e d p ro p y la m in e
v a p o u r 0 .7 380
0 .0 3 5 ± 0 .0 0 5  mJ 
w ith o u t  window
Beam s p l i t t e r  co u p led  la s e r
( le n g th  o f  o p t i c a l  c a v i t y  = 5*7 m e tre s )
P u ls e d me th a n e - n i  t r  ogen 
m ix tu re 1 .0 215
0 .5 8 5 ± 0 .0 6  mJ 
w ith o u t  window
P u ls e d me th a n e - n i  t r o g e n  
m ix tu re 1 .0 250
0 .1 3 ± 0 .0 2  mJ 
w i th  window
CW me t h a n e - n i t r  ogen  
m ix tu re 1 .0 0 . 8
0 .0 5 ± 0 .0 0 5  mW 
w ith  window
o n ly  by  th e  s m a l le r  r e c h a r g in g  p u l s e s  o f  th e  m ism atched  B lu m le in  power 
s u p p ly .  H ow ever, F ig u re  5 .8 ( b )  shows t h a t  by  re d u c in g  th e  i n i t i a l  
d i s c h a r g e  t o  400 a m p e re s , o s c i l l a t i o n  ta k e s  p l a c e  d u r in g  and a f t e r  th e  
f i r s t  c u r r e n t  p u l s e .  Maximum p e a k  o u tp u t  power was o b ta in e d  by 
a d ju s tm e n t  o f b o th  th e  p a th  l e n g th  o f  th e  c a v i t y  and th e  d is c h a r g e  
c u r r e n t .  An o p tim iz e d  o u tp u t  o b ta in e d  b y  h o le  c o u p lin g  i s  shown i n  
F ig u re  5 . 8 ( c ) .  O s c i l l a t i o n  i s  m o s t ly  s u p p re s s e d  d u r in g  th e  c u r r e n t  f lo w  
and th e n  b u i ld s  up d u r in g  th e  d e c ay  o f  th e  c u r r e n t  p u ls e  t o  a  p eak  power 
o f  380 ± 40W. F ig u re  5 .6 ( d )  d e m o n s tra te s  a  s i t u a t i o n  i n  w h ich  th e  
d i s c h a r g e  was n o t  o f s u f f i c i e n t  m ag n itu d e  to  p r e v e n t  l a s e r  a c t i o n .  The 
f i r s t  r a d i a t i o n  p u ls e  was e m i t te d  d u r in g  th e  c u r r e n t  f lo w  and th e  o p t i c a l  
p a th  l e n g th  was su ch  t h a t  d e s t r u c t i v e  i n t e r f e r e n c e  p re v e n te d  f u r t h e r  
b u i ld - u p .  The c a v i t y  was th e n  sw ep t th ro u g h  tw o m ore r e s o n a n t  c o n d i t io n s .  
The maximum pow er p ro d u c e d  i n  t h i s  c a s e  was 340 ± SOW.
The c h a r a c t e r i s t i c s  o f  th e  7 .6  cm d ia m e te r  l a s e r  w ere  fo u n d  t o  d i f f e r  
fro m  th o s e  o f  th e  l a r g e r  sy s te m . P u ls e  i o n i s a t i o n  o f a  m ethane—n i t r o g e n  
m ix tu re  n o rm a lly  p ro d u ced  s u b m il l im e tr e  r a d i a t i o n  o n ly  from  t h e
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r e c h a r g in g  p u l s e s  a s  shown r e s p e c t i v e l y ù f o r  beam s p l i t t e r  and h o le  
c o u p lin g  i n  F ig u re  5 .9 ( a )  and F ig u re  5 .9 ( b ) .  T h is  s u g g e s ts  t h a t  
d iv e rg e n c e  in t r o d u c e d  by th e  p lasm a  h a s  a  g r e a t e r  e f f e c t  i n  th e  n a rro w e r  
c a v i t y .  To t e s t  f o r  th e  e x is t e n c e  o f an  e l e c t r o n i c  l e n s ,  i t s  'p o w e r ' 
was re d u c e d  by  d e c r e a s in g  th e  m ag n itu d e  o f th e  c u r r e n t  p u ls e  from  th e  
u s u a l  o p e r a t in g  l e v e l  o f  a p p ro x im a te ly  300A to  130A. At 130A s t im u la te d  
e m is s io n  was g e n e ra te d  by th e  i n i t i a l  e x c i t a t i o n  a f t e r  in c r e a s in g  th e  
le n g th  o f  th e  c a v i t y  from  th e  v a lu e  o p tim is e d  f o r  e m is s io n  from  th e  
r e c h a r g in g  p u l s e s .  The c a v i ty  tu n in g  was r e q u i r e d  b e c a u se  th e  m ag n itu d e  
o f th e  fo rw a rd  c u r r e n t  p u ls e  was g r e a t e r  th a n  th e  fo rm er l e v e l  o f th e  
r e c h a r g in g  p u l s e s .  H ow ever, th e  r a d i a t i o n  pow er o b ta in e d  in  t h i s  way was 
i n f e r i o r  t o  t h a t  p ro d u ce d  p r e v io u s ly .  Two p o s s ib l e  e x p la n a t io n s  f o r  t h i s  
can  be p u t  fo rw a rd . One i s  t h a t  p lasm a  r e f r a c t i o n  p roduced  by th e  i n i t i a l  
c u r r e n t  p u l s e  s t i l l  r e d u c e d  th e  Q o f  th e  c a v i t y  to  a  l e v e l  s i g n i f i c a n t l y  
low er th a n  t h a t  o f  th e  r e c h a r g in g  p u l s e s .  T h is  s i t u a t i o n  c o u ld  n o t  be  
exam ined a s  no l a s e r  a c t i o n  o c c u r re d  on f u r t h e r  r e d u c t io n  o f th e  l e v e l  o f 
th e  c u r r e n t  p u l s e .  A second  m echanism  may b e  deduced  by r e f e r e n c e  to  th e  
e x p e r im e n ts  o f  R ob inson  and W h i t b o u r n ^ S  and S c h ë tz a u  and K neubühl^^ 
on p u l s e  i o n i s i n g  a s t a t i c  m ix tu re  o f m ethane  and n i t r o g e n .  L a se r  
a c t i o n  was s e e n  t o  commence o n ly  a f t e r  s e v e r a l  d i s c h a r g e s ,  r e a c h  maximum 
power a f t e r  a  d e f i n i t e  number o f  p u l s e s ,  and th e n  re d u c e  to  z e ro  w ith  
c o n tin u e d  i o n i s a t i o n .  An e x p la n a t io n  o f  th e s e  o b s e rv a t io n s  may be 
o b ta in e d  fro m  th e  w ork o f  S c h b tza u  and  Rneubühl^® . I t  was fo u n d  t h a t  
h y d ro g en  was n e c e s s a ry  t o  o b t a i n  l a s e r  a c t i o n  and t h a t  b u i ld - u p  d u r in g  
s u c c e s s iv e  e x c i t a t i o n s  in c r e a s e d  th e  r a t i o  o f  hydrogen  to  h y d rogen  
c y a n id e  w h ich  p a s s e d  th ro u g h  an  optimum c o n d i t io n .  A s im i l a r  b u i ld - u p  
o f h y d ro g en  and  o th e r  d i s s o c i a t e d  c o n s t i t u e n t s  w i l l  o c c u r i n  a  
c o n t in u o u s ly  f lo w in g  g a s  sy s te m . The c o n s ta n t  rem oval o f  th e s e  com ponents 
e n s u re s  t h a t  l a s e r  a c t i o n  need  n o t  d e c re a s e  w ith  c o n tin u e d  e x c i t a t i o n  and 
t h a t  an  optim um  p u l s e - r e p e t i t i o n - r a t e  sh o u ld  e x i s t .  T h is  s i t u a t i o n  was 
d e m o n s tra te d  w i th  th e  7 .6  cm d ia m e te r  l a s e r  by o b s e rv in g  th e  t o t a l  
r a d i a t e d  e n e rg y  g e n e ra te d  by th e  r e c h a r g in g  p u l s e s ,  w h ile  v a ry in g  th e  
p u l s e - r e p e t i t i o n - r a t e  o f  th e  fo rw a rd  c u r r e n t  p u l s e .  F ig u re  5 .1 0  shows 
t h a t  an  optim um  p u l s e - r e p e t i t i o n - r a t e  was fo u n d  f o r  m ost v a lu e s  o f  
d is c h a r g e  c u r r e n t .  The p r o p o r t io n s  o f  th e  p r o d u c ts  o f  th e  d is c h a r g e  
t h e r e f o r e  depend  on t h e  o v e r a l l  p u l s e - r e p e t i t i o n - r a t e  i n  a d d i t i o n  to  
b u i ld - u p  d u r in g  th e  s u c c e s s io n  o f  r e c h a r g in g  p u l s e s .  T h is  l a s t  f a c t o r  
i s  i n f e r r e d  fro m  F ig u re s  5 .9 ( a )  and (b) w h ich  showed t h a t  th e  f i r s t  and 
l a r g e s t  r e c h a r g in g  p u l s e  d id  n o t  p ro d u ce  th e  g r e a t e s t  p eak  p o w er, b u t  
t h a t  th e  o u tp u t  in c r e a s e d  d u r in g  th e  f i r s t  few  p u ls e s  and th e n  d e c re a s e d  
w i th  th e  l a t e r  p u l s e s .  I t  i s  a l s o  n o te d  t h a t  a  f i n i t e  tim e  i s  r e q u i r e d
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figure 5 .10. Energy o f output radiation per discharge against the
number o f discharges per second from the 7,6 cm diameter# 
hole-coupled laser# using (a) 1 torr# (b) 0,85 torr# and
(c) 0,45 torr n f  a methane-nltrogen mixture. No window 
across cavity. Error In measurement of energy# approx, 
t10%# and In discharge repetition , approx, ±4%,
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t o  p ro d u c e  c o n d i t io n s  n e c e s s a ry  f o r  l a s e r  a c t i o n .  T h is  i s  shown by 
th e  o u tp u ts  fro m  th e  15 cm d ia m e te r  l a s e r  g iv e n  i n  F ig u re s  5 .8 ( b )  and 
( c ) .  A lth o u g h  t h i s  c a v i ty  c o n f i g u r a t io n  a llo w e d  s t im u la te d  e m is s io n  t o  
o c c u r  d u r in g  t h e  fo rw a rd  c u r r e n t  p u l s e , ,  an  o u tp u t  was n o t  o b se rv e d  u n t i l  
10 t o  4:5 y s  a f t e r  t h e  s t a r t  o f  t h e  p u l s e .
B o th  th e  7 .6  cm and 15 cm d ia m e te r  l a s e r  sy s te m s  show t h a t  w ith  a  
d i s c h a r g e  o f  s u f f i c i e n t  m a g n itu d e , no s t im u la te d  e m is s io n  was p ro d u ced  
d u r in g  e i t h e r  t h e  c u r r e n t  p u l s e  o r  th e  a f t e r g lo w  even  tho u g h  th e  e l e c t r o n  
d e n s i t y  w ould  d e c ay  to  a  l e v e l  a t  w h ich  l a s e r  a c t i o n  w ould t ^ e  p la c e  
w i th  s m a l le r  c u r r e n t  p u l s e s .  • T h is  f e a t u r e  o f  th e  h y d rogen  c y a n id e  l a s e r  
im p l ie s  t h a t  t h e  pump m echanism  i s  n o t  s im p ly  r e l a t e d  t o  th e  o v e r a l l  
r a t e  o f  r e c o m b in a t io n  a s  s u g g e s te d  e a r l i e r ,  b u t  t h a t  d is c h a r g e  p r o d u c ts  
c r e a te d  d u r in g  i o n i s a t i o n  a r e  e s s e n t i a l  t o  th e  o p e r a t io n  o f  th e  l a s e r  
and t h a t  th e y  d e c ay  a t  a  f a s t e r  r a t e  th a n  th e  r e s t  o f th e  d i s c h a r g e .
T hese  p r o p e r t i e s  o f  th e  p la sm a  w i l l  b e  c o n s id e re d  a g a in  i n  C h ap te r S ix  
\ ^ e n  a n a ly s in g  t h e  pumping m echan ism .
The la c k  o f  a  l a r g e  r a d i a t i o n  o u tp u t  from  th e  i n i t i a l  c u r r e n t  p u ls e  
from  th e  B lu m le in  s u p p ly  when u s in g  th e  7^6 Cm d ia m e te r  l a s e r  was found  
t o  b e  a  s p e c i f i c  p r o p e r ty  o f  t h e  i o n i s e d  me t h a n e - n i  t ro g e n  m ix tu re .
F ig u re s  5 .9 ( c )  and (d) show r a d i a t i o n  p u l s e s  g e n e ra te d  i n  s im i la r  
c ir c u m s ta n c e s  from  p ro p y la m in e  v a p o u r .  As w i th  th e  15 cm d ia m e te r  l a s e r ,  
s t im u la te d  e m is s io n  was p ro d u c e d  d u r in g  th e  l a t e  p a r t  o f th e  c u r r e n t  
p u l s e  and  i n  t h e  e a r l y  a f t e r g lo w ,  a l th o u g h  th e  d u r a t i o n  o f  th e  o u tp u t  
was n o t i c e a b l y  s h o r t e r  th a n  o b ta in e d  p r e v io u s ly .  A gain» -Mn a n a ly s i s
o f  t h e s e  c h a r a c t e r i s t i c s  w i l l  b e  made i n  C h a p te r  S ix .
■ ..■■■-
To a id  an  i n v e s t i g a t i o n  i n t o  Q -s w itc h in g  a  p u l s e —e x c i t e d  l a s e r ,  th e  
o u tp u t  pow er o f  th e  7 . 6  cm d ia m e te r  l a s e r  was re c o rd e d  w ith  a  M e lin ex  
window a c r o s s  th e  c a v i t y .  T a b le , 5 .2  shows t h a t  a  r e d u c t io n  o c c u rs  i n  
t h e  e n e rg y  e m i t te d  fro m  t h e  h o le —c o u p le d  l a s e r  by  a  f a c t o r  o f  3 .5 ,  due 
t o  th e  p r e s e n c e  o f  a  wd-ndow. A s i m i l a r  r e d u c t io n  i n  t h e  peak  power 
a l s o  r e s u l t e d  w h i l s t  th e  d u r a t i o n  o f  th e  p u l s e s ,  shown by F ig u re s  5 .9 ( c )  
and  ( d ) ,  u n d e rg o e s  l i t t l e  c h a n g e . S im i la r ly ^  T a b le  5 .2  shows t h a t  a  
window i n s i d e  t h e  beam s p l i t t e r  c o u p le d  l a s e r  c a u se s  a  r e d u c t io n  i n  th e  
f a r  i n f r a - r e d  e n e rg y  o f  4 .5  t im e s .
5 . 3 . 3 .  Beam s p l i t t e r  v i b r a t i o n s
S im u lta n e o u s  d e t e c t i o n  o f  th e  beam s p l i t t e r  and h o le - c o u p le d  o u tp u ts  
fro m  t h e  15 cm d ia m e te r  l a s e r ,  a s  s e e n  i n  F ig u r e  5 .1 2 ( b ) ,  showed t h a t  
th e  tw o r a d i a t i o n  p u l s e  sh a p a s  d i f f e r e d ,  and t h a t  t h e  p e a k  o f  th e
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o u tp u ts  o c c u r r e d  a t  d i f f e r e n t  t im e s .  I t  was c o n s id e r e d  t h a t  th e  
d e te c te d  o u tp u t  fro m  th e  beam s p l i t t e r  c o u ld  b e  p e r tu r b e d  by  an  a c o u s t i c  
d i s tu r b a n c e  fro m  t h e  d i s c h a r g e  c a u s in g  t h e  M e lin e x  f i l m  t o  v i b r a t e .  To 
t e s t  f o r  t h e  e x i s t e n c e  o f  th e s e  v i b r a t i o n s ,  l i g h t  fro m  a  h e liu m -n e o n  
l a s e r  was r e f l e c t e d  fro m  th e  beam s p l i t t e r  on t o  a  p h o t o - s e n s i t i v e  
t r a n s i s t o r ,  a s  i l l u s t r a t e d  i n  F ig u re  5 .1 1 .  P u ls e  e x c i t a t i o n  o f  th e  
h y d ro g e n  c y a n id e  l a s e r  l e d  to" a  v a r i a t i o n  i n  th e  o u tp u t  fro m  th e  
t r a n s i s t o r ,  shown by  th e  u p p e r  t r a c e  o f  F ig u re  5 .1 2 ( a ) ,  a s  movement o f  
t h e  beam s p l i t t e r  a l t e r e d  th e  o r i e n t a t i o n  o f  th e  v i s i b l e  beam . The f a r  
i n f r a - r e d  r a d i a t i o n  c o u p le d  from  th e  beam s p l i t t e r ,  shown by  th e  low er 
t r a c e  o f  F ig u re  5 .1 2 ( a ) ,  i s  s e e n  t o  b e  e m i t te d  w h i l s t  th e  M e lin e x  f i lm  
i s  i n  m o tio n . As w i th  CW o p e r a t io n ,  t h e  l i i g h e s t  p e a k  pow ers w ere  
o b ta in e d  u s in g  beam s p l i t t e r  c o u p lin g ;  how ever, th e  movement o f  th e  
M e lin e x  f i l m  w i l l  s e r i o u s l y  l i m i t  i t s  u s e  i n  th e  M ic h e lso n  Q -sw itc h in g  
c o n f i g u r a t io n .  JC h is  w i l l  b e  d i s c u s s e d  f u r t h e r ,  l a t e r  i n  th e  c h a p te r .
5 . 4 .  C a v ity  in te r f e r o g r a m s
I n  o r d e r  t o  a n a ly s e  t h e  o u tp u t  c h a r a c t e r i s t i c s  o f  p u l s e - e x c i t e d  l a s e r s  
and t o  f a c i l i t a t e  a c t i v e  Q -s w itc h in g , th e  mode s t r u c t u r e s  o f  th e  v a r io u s  
l a s e r  c o n f i g u r a t io n s  w ere  s tu d i e d .  The o u tp u t  pow ers from  th e  l a s e r s  
w ere  r e c o r d e d  w h i l s t  d r iv i n g  one o f  th e  c a v i t y  m ir r o r s  a lo n g  th e  o p t i c a l  
a x i s  a t  a  c o n s ta n t  r a t e .
An i n v e s t i g a t i o n  o f  t h e  15 cm d ia m e te r  l a s e r  was m ade u s in g  p l a n e -  
p a r a l l e l  c a v i t y  m i r r o r s . F o r  b o th  d . c ,  and  p u l s e  e x c i t a t i o n  i t  was 
fo u n d  t h a t  v a r i a t i o n  o f  th e  c a v i t y  l e n g t h  made l i t t l e  d i f f e r e n c e  t o  th e  
o u tp u t  i n t e n s i t y .  T h is  b e h a v io u r  was a t t r i b u t e d  to  s u c c e s s iv e  c a v i ty  
m odes b e in g  e x c i t e d  by  r e f l e c t i o n  fro m  t h e  tu b e  w a l l s .  R ep lacem en t by 
s p h e r i c a l  m i r r o r s  p ro d u c e d  a  l a s e r  w i th  a n  o u tp u t  w h ich  was h ig h ly  
d e p e n d e n t on  t h e  m ir r o r  s p a c in g .  Two m ir r o r s  o f  r a d iu s  o f  c u r v a tu r e  o f  
760 cm p ro d u c e d  a  s i m i l a r  v a r i a t i o n  o f  t h e  o u tp u t  w i th  c a v i ty  l e n g th  
from  t h e  h o le  and beam  s p l i t t e r  c o u p l in g .  The in te r f e r o g r a m s  o b ta in e d  
fro m  th e s e  c o n f i g u r a t i o n s ,  shown r e s p e c t i v e l y  i n  F ig u re s  5 .1 3 ( a )  and
(b ) f o r  d . c ,  e x c i t a t i o n ,  a r e  s e e n  t o  c o n s i s t  o f  a  s e r i e s  o f  m odes o f  
337 ym r a d i a t i o n  su p e rim p o se d  on lo w er i n t e n s i t y  m odes a t  o th e r  
f r e q u e n c ie s .  P u ls e d  e x c i t a t i o n  p ro d u c e d  w id e r  f r i n g e s  th a n  d id  a  d . c .  
d i s c h a r g e  a n d , a s  s e e n  i n  F ig u re  5 . 1 3 ( c ) ,  p u l s e - e x c i t e d  337 pm l i n e s  
te n d e d  t o  swanq) t h e  w eaker e m is s io n s .  E x a m in a tio n  o f  th e  CW i n t e r f e r o ­
gram s shows t h a t  t h e  s t r u c t u r e s  i n te r s p a c e d  b e tw e e n  th e  337 pm f r i n g e s  
e x h i b i t  c h a r a c t e r i s t i c s  r e p o r t e d  by  F ra y n e^ ^  o f  minimum a c t i v i t y  e v e ry  
12 f r i n g e s  o f 337 pm r a d i a t i o n  c o r re s p o n d in g  t o  13 f r i n g e s  o f  311 o r
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Figure 5,11. Experimental arrangement to monitor the laser radiation 
output and beam sp lit te r  movement
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310 ym. The e x i s t e n c e  o f a  s im i la r  m echanism  i n  th e  p u ls e d  l a s e r  i s  
i n d i c a t e d  by th e  lo w e s t  m inim a of F ig u re  5 .1 3 ( c )  o c c u r r in g  e v e ry  12 
f r i n g e s .  The a b s e n c e  o f  th e  w eaker modes a t  c e r t a i n  c a v i t y  le n g th s  i s  
an  e s s e n t i a l  r e q u ir e m e n t  f o r  Q -s w itc h in g , The te c h n iq u e  o f  m o d u la tin g  
th e  c a v i t y  p a th  l e n g th  b y  an  a n c i l l a r y  p lasm a  r e q u i r e s  th e  a b i l i t y  to  
tu n e  th e  c a v i t y  fro m  a  p o s i t i o n  o f z e ro  o u tp u t  t o  th e  p eak  o f  th e  337 ym 
f r i n g e  w i th o u t  p a s s in g  th ro u g h  o th e r  m in o r m odes. I t  w ould a l s o  be 
n e c e s s a r y ,  when u s in g  t h e  M ic h e lso n  c o n f i g u r a t io n ,  t o  e n s u re  t h a t  th e  
l a s e r  was n o t  i n  a  c o n d i t io n  to  o s c i l l a t e  a t  o th e r  f r e q u e n c ie s  b e c a u se  
tu n in g  th e  s id e  m i r r o r  w ould th e n  n o t  i n h i b i t  a U  s tim u la te d  e m is s io n .
As th e  mode s t r u c t u r e  o f  th e  p u ls e d  l a s e r  i s  n o t  r e s o lv e d  b e c a u se  o f 
th e  l a r g e  mode w id th s ,  e x a m in a tio n  o f  th e  p ro x im ity  o f th e  f r i n g e s  i s  
u n d e r ta k e n  u s in g  t h e  CW d a t a .  F ig u re  5 .1 3 ( b )  shows a  mode s i t u a t e d  on 
th e  s h o r t  c a v i t y  s i d e  o f  th e  m ain  337 ym f r i n g e  w h ich  rem ained  i n  t h i s  
p o s i t i o n  o v e r  t h e  o b se rv e d  p a th  chan g e  o f  100 f r i n g e s ,  A second  337 ym 
l i n e  i s  t h e r e f o r e  g e n e ra te d  by th e  l a s e r ,  a l th o u g h  i t  i s  n o t  so  e a s i l y  
d i s t i n g u i s h a b l e  i n  th e  o u tp u t  from  th e  h o le - c o u p le d  c a v i t y ,  and c a n n o t 
b e  e x t in g u is h e d ,  a s  c a n  o th e r  l i n e s ,  by  s e l e c t i n g  an  a p p r o p r ia t e  c a v i ty  
l e n g th .  M o d u la tio n  o f  th e  g a in  p r o f i l e  o f  th e  l a s e r  by an  a n c i l l a r y  
d i s c h a r g e  i n  t h e  c a v i t y  w ould ta k e  p la c e  on th e  lo n g  c a v i ty  le n g th  s id e  
o f t h e  f r i n g e  and so  t h i s  mode w ould n o t  c a u se  undue d e p o p u la t io n  o f 
th e  u p p e r  l e v e l .  F u r th e r  e x a m in a tio n  o f  t h e  s p e c t r a l  p u r i t y  o f th e  
m ain  o u tp u t  l i n e  was c a r r i e d  o u t  by tu n in g  a  M ic h e lso n  in te r f e r o m e te r  
so  t h a t  th e  m a in  337 ym f r i n g e  fro m  t h e  CW beam  s p l i t t e r  c o u p le d  l a s e r  
was re d u c e d  i n  m a g n itu d e  r e l a t i v e  t o  m odes a t  o t h e r  f r e q u e n c ie s .  Under 
s u c h  c o n d i t i o n s ,  t h e  in te r f e r o g r a m  o f  F ig u r e  5 .1 4 ( a )  was o b ta in e d  f o r  
a  r e g io n  o f  minimum a c t i v i t y  o f  t h e  s u b s id i a r y  m odes. T h is  e x a g g e ra te d  
r e c o r d  o f  l a s e r  l i n e s  o th e r  th a n  th e  337 ym l i n e  w as u sed  t o  r e s o lv e  
th e  m odes p r e s e n t  w i t h in  t h e  e n v e lo p e  o f  t h e  m ain  f r i n g e  by c a l c u l a t i n g  
t h e  se co n d  d i f f e r e n t i a l  o f  t h e  in te r f e r o g r a m .  T h is  t e c h n iq u e ,  d ev e lo p ed  
by  K e ig h le y  and  R h o d es^ ^ , l o c a t e s  t h e  p o s i t i o n s  o f  t h e  com ponents o f 
t h e  f r i n g e s  a t  t h e  m inim a o f t h e  seco n d  d e r i v a t i v e .  T h is  second  
d e r i v a t i v e ,  s e e n  i n v e r t e d  i n  F ig u re  5 .1 4 ( b ) ,  shows t h a t  i n  r e g io n s  o f 
minimum a c t i v i t y  o f  l i n e s  o th e r  th a n  337 ym, t h e  m ain  f r i n g e s  a r e  s t i l l  
com posed o f  s e v e r a l  d i f f e r e n t  m odes. I t  i s  e v id e n t  t h a t  th e  s u c c e s s  o f 
s h i f t i n g  t h e  r e s o n a n t  c o n d i t io n  o f t h e  l a s e r  t o  th e  p e a k  o f  a  s in g l e  
g a in  p r o f i l e  b y  an  a n c i l l a r y  d i s c h a r g e  i s  l i m i t e d .  Some lo s s  o f 
i n v e r s io n  th ro u g h  e x c i t a t i o n  o f m in o r modes w ould  a p p e a r  . i n e v i t a b l e .
O b s e rv a t io n  o f  th e  mode s t r u c t u r e  o f  t h e  beam s p l i t t e r  c o u p le d  7 .6  cm 
d ia m e te r  l a s e r  w i th  m i r r o r s  o f r a d i i  o f  c u r v a tu r e  4 .1  m e tre s  and c a v i ty
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l e n g th  6 .2  m e tre s  was f i r s t  made w i th o u t  th e  M e lin e x  window i n  th e  
c a v i t y .  Two m odes w ere  g e n e r a te d ,  one a t  337 ym and one a t  310 ym 
w h ic h , a s  s e e n  i n  F ig u r e  5 .1 5 ( a )  f o r  CW o p e r a t io n ,  becam e su p e rim p o se d  
a t  some m ir r o r  s e p a r a t i o n s  b u t  c o u ld  b e  s e p a r a te d  b y  a l t e r i n g  t h e  c a v i ty  
l e n g th .  T h is  p r o p e r ty  c o u ld  b e  u t i l i z e d  when th e  Q -sw itc h in g  
e x p e r im e n ts  w ere  t o  be  p e rfo rm e d . I n s e r t i o n  o f  a  window i n t o  th e  l a s e r  
p re v e n te d  o s c i l l a t i o n  a t  310 ym and in tr o d u c e d  a  second  337 ym mode o v e r ­
la p p in g  th e  m ain  f r i n g e  on i t s  s h o r t  c a v i t y  l e n g th  s i d e .  Q -s w itc h in g  a  
s in g l e  mode o f  t h i s  l a s e r  by an  i n t e r - c a v i t y  d is c h a r g e  sh o u ld  t h e r e f o r e  
b e  p o s s ib l e  b u t  m ust s u f f e r  fro m  t h e  l o s s  in tr o d u c e d  by th e  w indow.
5 .5 .  D e te rm in a t io n  o f  t r a n s i e n t  p la sm a  d e n s i t i e s
Q -s w itc h in g  te c h n iq u e s  i n c o r p o r a t in g  d i s c h a r g e s  i n  g aseo u s  m ed ia  w ere 
p ro p o se d  i n  C h a p te r  F o u r . A n e c e s s a r y  p r o p e r ty  o f th e  a n c i l l a r y  p lasm a  
i s  t h a t  th e  r e q u i r e d  p h a s e  s h i f t  may b e  e f f e c t e d  i n  a  tim e  s u f f i c i e n t l y  
s h o r t  com pared w i th  t h a t  p ro d u c e d  by  th e  t r a n s i e n t  e l e c t r o n  d e n s i t y  o f 
th e  a c t i v e  m e d ia . I n  o r d e r  t o  o b t a in  optiratun Q -sw itc h in g  c o n d i t io n s ,  
th e  tim e  v a r i a t i o n  o f th e  p la sm a  d e n s i t i e s  c r e a te d  by  d is c h a r g e s  i n  th e  
v a r io u s  l a s e r  a c t i v e  m ed ia  was m easu red  and  com pared w ith  th o s e  o f  o th e r  
g a s e s .
E le c t r o n  d e n s i t i e s  w ere  m easu red  by  d i r e c t i n g  th e  r a d i a t i o n  i n  one arm  
o f  a  M ach-Z ehnder i n t e r f e r o m e te r  a x i a l l y  th ro u g h  a  50 cm lo n g , 7 .6  cm 
d ia m e te r  p la sm a  tu b e .  T h is  o r i e n t a t i o n  w as c h o sen  a s  no a s su m p tio n  i s  
n e c e s s a r y  t o  d e s c r ib e  t h e  r a d i a l  v a r i a t i o n  o f  t h e  p lasm a  d e n s i t y .  The 
i n v e s t i g a t i o n  was f i r s t  u n d e r ta k e n  u s in g  r a d i a t i o n  from  an  HCN l a s e r .
The a rra n g e m e n t o f  th e  i n t e r f e r o m e t e r ,  shown i n  F ig u re  5 .1 6 ,  u t i l i z e d  
b o th  o u tp u ts  fro m  a  beam s p l i t t e r  c o u p le d  l a s e r  f o r  th e  s i g n a l  and 
r e f e r e n c e  arm s \d iic h  w ere  com bined by a  seco n d  beam s p l i t t e r  and 
d e te c te d  u s in g  a  p o i n t  c o n ta c t  d io d e .  On e n t r y  t o  a  s c re e n e d  room , th e  
s ig n a l  r a d i a t i o n  p a s s e d  th ro u g h  a  2 cm d ia m e te r  tu b e  i n  o r d e r  t o  sam ple  
th e  p la sm a  o v e r  a  l im i t e d  a r e a  o f  i t s  c r o s s - s e c t i o n .  The d ia m e te r  o f  
th e  r e f e r e n c e  beam was re d u c e d  w i th  an  i r i s  t o  e n s u re  good v i s i b i l i t y  
o f  t h e  i n t e r f e r e n c e  f r i n g e s .  An exam ple o f  th e s e  f r i n g e s  i s  shown i n  
F ig u re  5 .1 7 ( a )  w h ich  r e s u l t e d  fro m  a  p la sm a  p ro d u ced  by a  d i s c h a r g e  
fro m  a  c a p a c i to r  i o n i s i n g  0 .3 5  t o r r  o f  a i r  i n  a  7 .6  cm d ia m e te r  tu b e .  
M o d u la tin g  th e  p h a se  o f  a  p u l s e - e x c i t e d  l a s e r  by  c r e a t i n g  a  p la sm a  i n  
a  s h o r t  s e c t i o n  o f  th e  c a v i t y  w ould  r e q u i r e  a  d is c h a r g e  o f  a  h ig h e r  and 
m ore r a p i d l y  v a ry in g  e l e c t r o n  d e n s i t y  th a n  t h a t  o f  th e  a c t i v e  m edium .
An e x a m in a t io n  was t h e r e f o r e  made o f  h ig h  d e n s i t y  i o n i s a t i o n  p ro d u ce d  
b y  an  e l e c t r i c a l  d i s c h a r g e  fro m  a  c a p a c i t o r  t r i g g e r e d  b y  m eans o f  a
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Figure 5.16. Arrangement o f the. Mach-Zehnder Interferometer
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s p a rk  g a p . B e fo re  i n i t i a t i n g  th e  d i s c h a r g e ,  th e  r e l a t i v e  p h a se  o f  t h e  two 
beams was a d ju s te d  t o  g iv e  e i t h e r  a  maximum o u tp u t  o r  co m p le te  c a n c e l la t io n  
by  t r a n s l a t i o n  o f  one o f  th e  i n te r f e r o m e te r  m i r r o r s .  T h is  e n a b le d  th e  
n e t t  l o s s e s  in c u r r e d  i n  th e  p lasm a  to  .be m ea su red . The t r a c e  i n  
F ig u re  5 ,1 7 C a) shows h ig h  lo s s e s  i n  t h e  e a r l y  p a r t  o f  th e  a f t e r g lo w  
w h ich  p r e v e n t  r e s o l u t i o n  o f  th e  f r i n g e s .  I t  was o n ly  i n  th e  l a t e  a f t e r ­
g lo w , when th e  e l e c t r o n  d e c ay  had  f a l l e n  to  th e  levels d e p ic te d  i n  
F ig u re  5 ,1 8 ,  t h a t  t r a n s m is s io n  w ould b e  s u f f i c i e n t  f o r  l a s e r  a c t i o n .
The f i g u r e  a l s o  shows th e  v a r i a t i o n  o f  th e  p lasm a  d e n s i ty  i n  th e  l a t e  
a f t e r g lo w  i n  1 t o r r  o f  a  me th a n e - n i  t ro g e n  m ix tu re  io n is e d  u n d e r  s i m i l a r  
c o n d i t i o n s .  S im i la r  r a t e s  o f e l e c t r o n  d e cay  w ere  r e c o rd e d  when i o n i s i n g  
h e liu m  g a s ,  b o th  by  d i s c h a r g e  fro m  th e  c a p a c i to r  o r  Marx g e n e r a to r .
F ig u re  5 , 1 9 ( a ) ,  o r  b y  th e  t h y r a t r o n  m o d u la to r .  F ig u re  5 , 1 9 (b ) , The 
e f f e c t i v e n e s s  o f th e s e  d i s c h a r g e s  f o r  m o d u la tio n  p u rp o se s  i s  a s s e s s e d  
b y  co m p a riso n  w i th  t h e  r a t e s  o f d e c a y  o f  t h e  e l e c t r o n  d e n s i t y  i n  a c t i v e  
m e d ia . Such c o n d i t io n s  w ere  s im u la te d  by  i o n i s i n g  a  m e th a n e -n i tro g e n  
m ix tu re  u s in g  th e  t h y r a t r o n  m o d u la to r .  P la sm a  d e n s i t y  was m easu red  a t  
s e v e r a l  gas  p r e s s u r e s  and p l o t t e d  a g a in s t  t im e  i n  F ig u re  5 ,2 0 ,  The 
d e c a y  r a t e s  shown i n  th e  two f i g u r e s  a r e  s e e n  to  be s i m i l a r ,  i n d i c a t i n g  
t h a t  i n s u f f i c i e n t  p h a s e  s h i f t  c a n  b e  p ro d u ced  i n  th e  c o m p a ra t iv e ly  
s h o r t  l e n g t h  o f  c a v i t y  a l lo w a b le  f o r  à  n o n - a c t iv e  p la sm a . E le c t r o n  
d e n s i t y  m easu rem en ts  w ere  a l s o  made u s in g  d e u te r iu m  o x id e  v a p o u r  i n  
o r d e r  t o  r e a l i z e  th e  d e g re e  o f  p h a s e  s h i f t  in t r o d u c e d  w h i le  Q -sw itc h in g  
th e  l a s e r  b y  i o n i s i n g  an  a b s o rb in g  m edium . The r e s u l t s  ^ e  s e e n  i n  
F ig u re  5 ,21  a g a in  to  be  s i m i l a r  t o  t h a t  o f t h e  l a s e r  medium and so  w i l l  
o n ly  a l t e r  t h e  p h a s e  a c c o rd in g  t o  th e  r a t i o  o f  th e  l e n g th  o f  th e  
a n c i l l a r y  p la sm a  to  t h a t  o f th e  a c t i v e  d i s c h a r g e .  The v a p o u r  was io n is e d  
b y  th e  M arx g e n e r a to r  t o  o b t a in  maximum d i s s o c i a t i o n .  F ig u re  5 ,2 2  shows 
th e  t r a n s m is s io n  o f  337 pm r a d i a t i o n  th ro u g h  th e  s e v e r a l  p la s m a s , and 
t h a t  i n  th e  c a s e  o f  d e u te r iu m  o x id e  v a p o u r ,  a  p e a k  i n  t r a n s m is s io n  
o c c u rs  a s  t h e  d e c r e a s in g  lo s s  due  t o  i o n i s a t i o n  becom es su p e rse d e d  by 
a n  in c r e a s i n g  num ber o f  recom bined  m o le c u le s .
I o n is e d  c o n d i t io n s  p ro d u ce d  i n  a  15 cm d ia m e te r  sy s tem  w ere  i n v e s t i g a t e d  
u s in g  a  65 cm le n g th  o f  tu b e ,  A lo w er f re q u e n c y  r a d i a t i o n  was r e q u i r e d  
i n  o r d e r  t o  m ea su re  e l e c t r o n  d e n s i t y ,  a s  i n s u f f i c i e n t  p h a se  s h i f t  was 
p ro d u c e d  f o r  th e  l a s e r  i n t e r f e r o m e te r .
Pow er fro m  a  k l y s t r o n  a t  9 ,3  GHz was c o u p le d  i n t o  two w avegu ide  ru n s  by  
a  m a g ic L te e , one beam b e in g  r a d i a t e d  a x i a l l y  th ro u g h  a  p la sm a  tu b e ,  th e  
o th e rZ s u p p ly in g  th e  p h a s e  r e f e r e n c e  a s  i l l u s t r a t e d  i n  F ig u re  5 .2 3 ,  A
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Figure 5.18. Electron density against time after  In itiating
discharge In (a) 0.35 torr o f a ir , and (b) 1 torr 
o f a methane-ni trogen mixture using the Marx 
generator. 7.6 cm diameter plasma tube.
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Figure 5.19. Electron density against time after in itia tin g  discharge 
in 1 torr of helium in a 7.6 cm diameter tube using 
(a) the Marx generator, and (b) the Blumlein power supply
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Figure 5.20. Electron density against time after In itiating a
discharge In a methane-nitrogen mixture at (a) 1.2 torr, 
(b) 1.0 torr, (c) 0.6 torr, and (d) 0.5 torr. 7.6 cm 
diameter discharge tube. Blumlein power supply.
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Figure 5.21. Electron density against time after in itia tin g  a discharge 
in deuterium oxide vapour at (a) 5 torr, (b) 3.5 torr,
(c l 2,5 torr , and (d) 1 torr. 7.6 cm diameter discharge 
tube. Discharge from Marx generator.
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Figure 5 .22 . Transmission at 891 GHz against electron density in 
ionised media o f (a) 0.35 torr of a ir , (b) 1 torr of  
helium, and (c) 5 torr o f deuterium oxide in a 60 cm 
long, 7.6 cm diameter tube ^
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l im i t e d  r e g io n  o f th e  p lasm a  was o b s e rv e d  by c o l l e c t i n g  r a d i a t i o n  from  
th e  p la sm a  th ro u g h  a  2 cm d ia m e te r  i r i s .  T h is  e n a b le d  th e  e l e c t r o n  
d e n s i ty  t o  b e  m easu red  a t  any r a d i a l  p o s i t i o n  by t r a n s v e r s e  movement 
o f th e  tu b e  on a  s l i d i n g  b e n c h . Two m icrow ave beam s w ere com bined by 
a  second  m ag ic  t e e  and c o u p le d  i n t o  a  d e t e c t o r .  An a t t e n u a t o r  and a  
p h a se  s h i f t e r  i n  th e  r e f e r e n c e  arm  w ere  u se d  to  e q u a l i z e  th e  two beams 
i n  i n t e n s i t y  and a d j u s t  t h e  r e l a t i v e  p h a s e  t o  p ro d u ce  e i t h e r  maximum o r  
z e ro  o u tp u t .
I n  o r d e r  t o  s im u la te  th e  c o n d i t io n s  i n  th e  a c t i v e  medium o f  a  15 cm 
d ia m e te r  l a s e r ,  a  m e th a n e - n i t r o g e n  m ix tu re  was io n is e d  by th e  B lu m le in  
s u p p ly . E l e c t r o n  d e n s i t i e s  w e re  m easu red  o v e r  a  ra n g e  o f  g as  p r e s s u r e s  
and a r e  s e e n  i n  F ig u re  5 ,2 4  t o  b e  lo w e r and l e s s  r a p i d l y  d e c a y in g  th a n  
th o s e  p ro d u c e d  i n  th e  7 .6  cm d ia m e te r  tu b e .  T h is  g iv e s  some s u p p o r t  t o  
th e  p r o p o s a l  made p r e v io u s ly  t h a t  s t im u la te d  e m is s io n  o n ly  o c c u rre d  
a f t e r  t h e  h ig h  c u r r e n t  p u l s e  i n  t h e  l a r g e r  d ia m e te r  l a s e r  b e c a u s e  o f 
p lasm a-^induced  r e f r a c t i o n .  F ig u re  4 .4  i l l u s t r a t e d  t h a t  o v e r  th e  ra n g e  
o f r a d i a l  e l e c t r o n  d e n s i t y  p r o f i l e s  s e l e c t e d  f o r  c o m p u ta tio n , th e  
p la sm a  d e n s i t i e s  m easu red  i n  th e  7 .6  cm d ia m e te r  tu b e  w ould p ro d u ce  
à  h ig h  l o s s  c a v i t y  w h i le  th o s e  i n  t h e  w id e r  sy s te m  w ould add l i t t l e  to  
th e  l o s s  m ech an ism s. M easurem en ts o b ta in e d  from  th e  15 cm d ia m e te r  
tu b e  u s in g  p ro p y la m in e  and  e th y le n e d ia m in e  v a p o u r a r e  s e e n  r e s p e c t i v e ly  
i n  F ig u r e s  5 .2 5  and  5 .2 6  t o  b e  s i m i l a r  i n  m ag n itu d e  and r a t e  o f  d ecay  
t o  th o s e  o f  t h e  m e th a n e - n i t r o g e n  m ix tu r e .
H igh lo s s e s  i n  t h e  l a s e r  i n t e r f e r o m e te r  sy s te m  p re v e n te d  m easurem ent 
o f  th e  r a d i a l  d e n s i t y  p r o f i l e  i n  t h e  7 .6  cm d ia m e te r  tu b e .  However, 
u s in g  t h e  m icrow ave i n t e r f e r o m e t e r  movement o f  th e  15 cm d ia m e te r  tu b e  
a c ro s s  t h e  beam  showed t h a t  t h e  e l e c t r o n  d e n s i t y  v a r i e s  a c ro s s  th e  
d ia m e te r  o f  t h e  tu b e .  The e l e c t r o n  d e n s i t y  p r o f i l e s  o b ta in e d  f o r  t h r e e  
a c t i v e  m e d ia  a r e  d i s p la y e d  i n  F ig u r e  5 .2 7  a t  s e l e c te d  t im e s  a f t e r  th e  
end o f t h e  c u r r e n t  p u l s e .  W ith  t h e  e x c e p t io n  o f  e th y le n e d ia m in e  v a p o u r 
n e a r  th e  tu b e  w a l l s ,  v a lu e s  o f  t h e  p a ra m e te r  3 , d e f in e d  i n  s e c t i o n  2 .5 ,  
hav e  b e e n  c a l c u l a t e d  a t  e a c h  p o i n t  on t h e  c u r v e s ,  t h e  a v e ra g e  v a lu e s  
o f  w h ich  a r e  shown i n  T a b le  5 .3 .
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Figure 5.24. Electron density against time after in itia tin g  a discharge 
in a methane-nitrogen mixture a t (a) 1^0 torr, (b) 0 .8  torr, 
(c) 0.65 torr , and (d) 0 .4  torr. IS cm diameter discharge 
tube. Blumlein pmer supply.
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Figure 5.25. Electron density against time after In itiating a discharge 
In propylamine vapour at (a) 0.9 torr, (b) 0.75 torr,
(c) 0.5 torr, and (d) 0.35 torr. 15 cm diameter discharge 
tube. Blumlein power supply.
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figu re  5.26. Electron density against time after In itiating a discharge 
In ethylenediamine vapour a t (a) 0.9 torr. (b) 0.6 torr . 
(c) 0.35 torr . and (d) 0 .2  torr. 15 cm diameter discharge 
tube. Blumlein power supply. *
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Figure 5 .27 . Radial electron density profiles o f Ionisations In
(a) 0.75 torr o f a methane-nitrogen mixture# (b) 0.75 torr 
n*propy1am1ne vapour# and (c) 0 .2  torr of ithylenedlamlne 
vapour at (1) 5 ps# (11) 30 ys# and (111) 70 ys after the 
end o f the current pulse from the Blumlein supply.
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T a b le  5 .3
V alues o f  g d e s c r ib in g  th e  r a d i a l  e l e c t r o n  d e n s i t y  p r o f i l e  i n  th r e e  
d i f f e r e n t ' i o n i s e d  m ed ia  i n  a  15 cm d ia m e te r  tu b e
Time a f t e r  end o f 
c u r r e n t  p u l s e
( y s ) ..............
Me t h a n e - n i  t r o g e n  
m ix tu re
P ro p y la m in e
v a p o u r
E th y le n e d ia m in e
v a p o u r
5
30
70
0 .5 5  ± 0 .1  
0 .5 5  ± 0 .1  
0 .7  ± 0 . 1
0 .5 5  ± 0 .1  
0 .8  ± 0 .1  
0 .9  ± 0 .1
0 .5  ± 0 .1  
0 .4  ± 0 .0 5  
0 .3  ± 0 .0 5
The m o d u la tio n  e x p e r im e n ts  o f  T a i t  e t  a l . ^ 9  d e s c r ib e d  i n  C h a p te r  T h re e  
in v o lv e d  p u l s e  e x c i t a t i o n  o f  g a s e s  i n s i d e  th e  r e s o n a n t  c a v i t y  o f  a  CW 
l a s e r .  I t  was fo u n d  t h a t  s e v e r a l  d i f f e r e n t  io n is e d  g a s e s ,  s e p a r a te d  
from  th e  a c t i v e  m edium , d ecay ed  a t  d i f f e r e n t  r a t e s  and p ro d u ced  o u tp u t  
p u ls e s  o f d i f f e r i n g  w id th s .  M easurem en ts made i n  t h e  15 cm d ia m e te r  
tu b e  a g re e d  w i th  T a i t ’ s f i n d i n g s  t h a t  i o n is e d  n i t r o g e n  d ecay ed  a t  a  
f a s t e r  r a t e  th a n  h e liu m . H ow ever, o b s e rv in g  th e  a f t e r g lo w  i n  n i t r o g e n ,  
m ethane and h e liu m  o v e r  a  r a n g e  o f  p r e s s u r e s ,  d i s p la y e d  r e s p e c t i v e l y  
i n  F ig u re s  5 .2 8 ,  5 ,2 9  and 5 .3 0 ,  showed t h a t  none d ecay ed  a t  a  f a s t e r  
r a t e  th a n  th e  m e th a n e - n i t r o g e n  m ix tu r e .  The i n v e s t i g a t i o n s  o f  b o th  
F ray n e^^  and B e lla n d  e t  a l . ^ ^  d e m o n s tra te d  t h a t  an  HCN l a s e r  may 
o p e ra te  w h ile  i n t r o d u c in g  h e liu m  i n t o  th e  m e th a n e -n i tro g e n  m ix tu r e .
As re d u c in g  th e  r a t e  o f  d e c ay  o f  th e  a c t i v e  medium w ould  p ro d u c e  lo n g e r  
p e r io d s  i n  w h ich  an  a c t i v e  Q -s w itc h in g  may b e  p e rfo rm e d , th e  e f f e c t  o f  
th e  a d d i t i o n  o f  t h i s  t h i r d  g a s  was t h e r e f o r e  s tu d i e d .  P r o g r e s s iv e ly  
in c r e a s in g  th e  p r o p o r t i o n  o f  h e liu m  i s  s e e n  i n  F ig u re  5 .3 1  t o  le n g th e n  
th e  d e cay  t im e .  H ow ever, an  a l t e r a t i o n  o f th e  d e c ay  r a t e  d u r in g  th e  
l a s e r  a c t i v e  p e r io d  im m e d ia te ly  a f t e r  th e  c u r r e n t  p u l s e  i s  i n s i g n i f i c a n t .
5 .6 .  M o d u la tio n  o f  th e  HCN l a s e r
An i n v e s t i g a t i o n  i n t o  i o n i s e d  a b s o rb e r  s w i tc h in g ,  t h e  f i r s t  o f  t h e  t h r e e  
m o d u la tio n  te c h n iq u e s  l i s t e d  a t  th e  b e g in n in g  o f  th e  c h a p te r ,  commenced 
by exam in ing  th e  a t t e n u a t i n g  p r o p e r t i e s  o f  d i f lu o r o e th y le n ^ - d e u te r iu m  
o x id e  v a p o u r ,  and d ic h lo rc m e th a n e  v a p o u r . W ith  t h e  e x c e p t io n  o f  
d ic h lo ro m e th a n e , t h e s e  m edia^®»^^ h a v e  b e e n  r e p o r te d  t o  p o s s e s s  s t r o n g  
a t t e n u a t i n g  p r o p e r t i e s  a t  337 pm. B ecause  o f  t h e  n eed  t o  Q -sw itc h  
a  p u l s e - e x c i t e d  l a s e r ,  t h e  r e l a t i v e  m e r i t s  o f  th e s e  m a t e r i a l s  a s  
a t t e n u a t o r s  o f  th e  p u ls e d  l a s e r  o u tp u t  w ere  m e a su re d . To s tu d y  th e  
m o d u la tio n  te c h n iq u e  i n  i s o l a t i o n  fro m  t h e  e f f e c t s  o f  mode s c a n n in g
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Figure 5.28. Electron density against time after In itiating a discharge 
In nitrogen at (a) 1.0 torr , (b) 0.5 torr , (c) 0 .4  torr, 
and (d) 0.2 torr . 15 cm diameter discharge tube.
Blumlein power supply.
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Figure 5.29. Electron density against time a fter  In itia tin g  a discharge 
In methane a t (a) 0 .9  torr# (b) 0 .7  torr# (c) 0 .4  tonr# 
and (d) 0 .2  torr. 15 cm diameter discharge tube.
Blumlein power supply.
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Figure 5.30. Electron density against time after In itiating  a
discharge In helium a t (a) 1.0 torr , (b) 0.75 torr, 
(c) 0.5 torr, and (d) 0.4 torr. 15 cm diameter 
discharge tube. Blumlein power supply.
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Figure 5 .31 . Electron density against time after In itia ting  a 
discharge In:
pressure,
torr (a) (b) (c) (d) (f )
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15 cm diameter discharge tube. Blumlein power supply.
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and p lasm a  r e f r a c t i o n ,  m o d u la tio n  e x p e r im e n ts  w ere  p e rfo rm e d  w ith  a 
d . c .  e x c i t e d  l a s e r .  F o r t h i s  p u r p o s e ,  co m p ariso n  was a l s o  made o f  th e  
a t t e n u a t i o n  o f CW r a d i a t i o n  i n  th e  t h r e e  m ed ia  «
5 .6 .1 .  G aseous a t t e n u a t i o n  a t  337 ym
The e x p e r im e n ta l  a rra n g e m e n t i s  shown i n  F ig u re  5 .3 2 .  The two o u tp u ts  
from  a  beam s p l i t t e r  c o u p le d  l a s e r  w ere  fo c u s e d  on to  s e p a r a te  G olay c e l l s ,  
one beam h a v in g  p a s se d  th ro u g h  an  a b s o r p t io n  tu b e .  A f te r  e q u a l i s in g  th e  
i n t e n s i t y  o f  th e  two beams by an  a t t e n u a t o r ,  a  d i f f e r e n t i a l  p r e - a m p l i f i e r  
o f an  o s c i l lo s c o p e  was u se d  t o  c a n c e l  th e  e l e c t r i c a l  s ig n a l s  from  th e  
two d e t e c t o r s .  A d m itt in g  an  a b s o rb in g  v a p o u r i n t o  th e  tu b e  p ro d u ced  an  
im b a la n c e  i n  th e  tw o s ig n a l s  w h ich  was r e s t o r e d  by  a t t e n u a t i n g  th e  o u t ­
p u t  fro m  th e  a p p r o p r i a t e  d e t e c t o r .  T h is  p ro v id e d  a  d i r e c t  m easurem ent 
o f  th e  a b s o r p t io n  i n  th e  tu b e .  A t te n u a t io n  i n  th e  d i f f e r e n t  g a s e s  was 
m easu red  o v e r  a  r a n g e  o f  p r e s s u r e s ,  a s  s e e n  r e s p e c t i v e l y  i n  F ig u re s  5 .3 3  
and 5 .3 4 ,  f o r  CW and  p u ls e d  r a d i a t i o n .  A t low  p r e s s u r e s ,  th e  g r e a t e s t  
a b s o r p t io n  i s  o b ta in e d  from  d ic h lo ro m e th a n e  v a p o u r , b u t  i s  su p e rs e d e d  
by d e u te r iu m  o x id e  v a p o u r  a t  h ig h  p r e s s u r e .  How ever, i t  was fo u n d  to  
b e  d i f f i c u l t  to  m a in ta in  p r e s s u r e s  g r e a t e r  th a n  10 t o r r  i n  d e u te r iu m  
o x id e  v a p o u r  so  t h a t  a  r e q u ir e m e n t  f o r  a l l e v e l  o f a t t e n u a t i o n  g r e a t e r  
th a n  19 dB m”  ^ w ould  n e c e s s i t a t e  th e  u s e  o f  d i f  lu o ro e th y le n e  o r  
d ic h lo ro m e th a n e  v a p o u r .
I t  i s  n o te d  fro m  th e  low  p r e s s u r e  m e a su rem e n ts , up t o  10 t o r r ,  t h a t  i n  
b o th  d i f l u o r o e t h y le n e  and d ic h lo ro m e th a n e  v a p o u r ,  a t t e n u a t i o n  i s  g r e a t e r  
f o r  p u ls e d  l a s e r  r a d i a t i o n  th a n  f o r  a  c o n tin u o u s  o u tp u t .  T h is  s u g g e s ts  
t h a t  l i k e  d i f l u o r o e t h y le n e ^ ^ ,  d ic h lo rc m e th a n e  p o s s e s s e s  an  a b s o r p t io n  
f e a t u r e  c lo s e  t o  t h e  337 pm l a s e r  l i n e .  T h is  may be  i n v e s t i g a t e d  by 
sc a n n in g  t h e  l a s e r  c a v i t y  th ro u g h  i t s  g a in  p r o f i l e ,  w h ich  was d e m o n s tra te d  
by  H ocker e t  al.^** t o  a l t e r  t h e  c e n t r e  f re q u e n c y  o f  th e  l a s e r  o u tp u t .
The d a t a  shown i n  F ig u re s  5 .3 3  and  5 .3 4  w ere  made w h i le  o b s e rv in g  a  
c h a r t  r e c o r d in g  o f  t h e  c a v i t y  in te r f e r o g r a m  and m aking  m easu rem en ts a t  
th e  p e a k  o f  th e  o u t p u t . M e asu rin g  a t t e n u a t i o n  i n  th e  g a s e s  a t  o th e r  
p o i n t s  on  t h e  p r o f i l e  o f  th e  in te r f e r o g r a m  f r i n g e  show ed, a s  e x p e c te d , 
h ig h e r  a b s o r p t io n  a t  th e  lo n g e r , and  t h e r e f o r e  low er f r e q u e n c y ,  c a v i ty  
p o s i t i o n s  i n  d i f  lu o ro e  th y le n e .  I t  was a l s o  s e e n  from  th e  r e a d in g s  shown 
i n  F ig u re  5 .3 5  t h a t  d ic h lo ro m e th a n e  p o s s e s s e s  a n  a b s o r p t io n  f e a t u r e  
s i m i l a r l y  sp a c e d  fro m  th e  c e n t r e  o f  th e  l a s e r ’s  g a in  p r o f i l e .
To exam ine th e  s u i t a b i l i t y  o f  th e  a b s o rb in g  m ed ia  f o r  m o d u la tio n  p u r p o s e s ,  
t h e  g a s e s  w e re  s e p a r a t e l y  a d m itte d  i n t o  th e  s e a le d  c e l l  o f  th e  7 .6  cm
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Figure 5.32. Experimental arrangement for measuring attenuation of 
laser radiation in gases
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Figure 5.33. Attenuation o f 891 GHz radiation from a CW HCN laser  
In (a ) , (1) dichloromethane vapour, (11) dlfluoro- 
ethylene, and (b) deuterium oxide vapour, against 
pressure
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Figure 5.34. Attenuation o f 891 GHz radiation from a pulse-excited  
HCN laser in ( i )  deuterium oxide vapour, f i )  dichloro­
methane vapour, and ( i i i )  difluoroethylene, against 
pressure
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d ia m e te r  l a s e r  i l l u s t r a t e d  i n  F ig u re  5 . 1 ( a ) .  The c e l l ,  s e p a r a te d  from  
th e  a c t i v e  medium by a  AGO gauge M e lin e x  w indow , to o k  up 32 cm o f  th e  
5 .7  m e tre  lo n g  o p t i c a l  c a v i t y .  CW l a s e r  a c t i o n  c e a se d  when o n ly  s m a ll  
q u a n t i t i e s  o f  a b s o rb in g  v a p o u r  w ere  p r e s e n t  i n  th e  c e l l  w h ich  in d ic a te d  
t h a t  l e s s  th a n  0 .5  dB o f a t t e n u a t i o n  was r e q u i r e d  to  e x t in g u is h  th e  
e m is s io n . H ow ever, g r e a t e r  a b s o r p t io n  was r e q u i r e d  f o r  th e  p u l s e -  
e x c i t e d  l a s e r .  T h is  i s  shown i n  F ig u te  5 .3 6  w here  th e  r e d u c t io n  o f th e  
o u tp u t  i s  p l o t t e d  a g a in s t  p r e s s u r e  f o r  e a c h  o f th e  t h r e e  v a p o u rs  
in tr o d u c e d  i n t o  th e  c e l l .  L a s e r  a c t i o n  was i n h i b i t e d  a t  minumum 
p r e s s u r e s  o f  2 .5  t o r r  o f  d ic h lo ro m e th a n e  v a p o u r ,  6 t o r r  o f d e u te r iu m  
o x id e  v a p o u r  and 10 t o r r  o f  d i f  lu o ro e  t h y le n e ,  e a c h  a p p ro x im a te ly  
c o r re s p o n d in g  t o  3 .5  dB o f  a t t e n u a t i o n  i n  32 cm o f  p a th  le n g th .  T h is  
i n i t i a l  o b s e r v a t io n  s u g g e s t s  t h a t  d ic h lo ro m e th a n e  v a p o u r  i s  th e  b e t t e r  
medium f o r  Q -s w itc h in g .
5 . 6 . 2 .  A c t iv e  a b s o rb e r  s w i tc h in g
I t  was fo u n d  t h a t  s t im u la te d  e m is s io n  c o u ld  be  o b ta in e d  on i o n i s in g  th e  
a b s o rb in g  v a p o u r  w h ich  h ad  b e e n  a d m itte d  i n t o  th e  c a v i t y  t o  s u p p re s s  
l a s e r  a c t i o n .  U sing  r i n g  e l e c t r o d e s ,  u n ifo rm  breakdow n a c ro s s  th e  
d ia m e te r  o f  th e  tu b e  i n  d i f  lu o ro e  th y le n e  a t  th e  r e q u i r e d  p r e s s u r e  o f  
10 t o r r  f o r  a  p u l s e - e x c i t e d  l a s e r  was n o t  f e a s i b l e  e x c e p t  a t  th e  h ig h  
c u r r e n t  d e n s i t i e s  p ro d u c e d  by  th e  M arx g e n e r a to r .  How ever, i o n i s a t i o n  
o f  d ic h lo ro m e th a n e  and  d e u te r iu m  o x id e  v a p o u r  p ro v ed  to  be  m ore s u c c e s s f u l .  
The d i s c h a r g e ,  a p p l i e d  a x i a l l y  i n  t h e  a b s o r p t io n  c e l l ,  was p ro d u ced  by  
a  2 MW B lu m le in  s u p p ly  w h ich  g e n e ra te d  5 y s  p u l s e s  o f  a p p ro x im a te ly  1 ys 
r i s e  t im e .  S w itc h in g  e x p e r im e n ts  w ere  f i r s t  p e rfo rm e d  w i th  an  a c t i v e  
medium p ro d u ce d  from  a  m e th a n e - n i tr o g e n  m ix tu re  e x c i t e d  by th e  r e c h a rg in g  
p u l s e s  fro m  th e  m ain  B lu m le in  s u p p ly .  No in c r e a s e  i n  th e  o u tp u t  from  
th e  l a s e r  c o u ld  b e  p ro d u c e d  , and t h e  maximum sw itc h e d  : o u tp u t  Lpower 
o b ta in e d  was —2 dB o f  t h a t  g e n e ra te d  w ith  an  e v a c u a te d  c e l l .  I t  was 
a p p a re n t  t h a t  th e  l o s s e s  o f  th e  a b s o r p t io n  tu b e  w ere  n o t  re d u c e d  to  a  
s u f f i c i e n t l y  low  l e v e l .  R e p e a tin g  t h e  e x p e rim e n t on t h e  i n i t i a l  c u r r e n t  
p u ls e  i n  p ro p y la m in e  v a p o u r  p ro d u ced  a  s i m i l a r l y  re d u c e d  o u tp u t  w hich 
was m axim ized  by o p e r a t in g  th e  s w itc h  a t  a  tim e  c o rre s p o n d in g  t o  th e  
p eak  o f  t h e  unm o d u la ted  o u tp u t  p u l s e .  T h is  o b s e r v a t io n  i n d i c a t e s  t h a t  
no  b u i ld  up o f  p o p u la t io n  in v e r s io n  o c c u rre d  w i th  t h i s  te c h n iq u e .
The l o s s e s  re m a in in g  i n  th e  a b s o r p t io n  tu b e  a f t e r  i o n i s a t i o n  w ere a l s o  
to o  l a r g e  t o  e n a b le  a  m o d u la te d  o u tp u t  t o  be  o b ta in e d  from  a  d . c .  
e x c i t e d  l a s e r .
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Figure 5.36. Attenuation o f the output from the pulse-excited  
7.6 cm diameter, beam sp lit te r  coupled HCN laser 
against the pressure of an attenuating gas admitted 
into a 32 cm long ce ll within the laser cavity. 
Absorbing gases are ( i )  deuterium oxide vapour,
( i i )  dichloromethane vapour, and ( i i i )  difluoroethylene,
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5o6o3 . P lasm a p h a se  s h i f t  s w itc h in g
In  common w i th  th e  o b s e r v a t io n  o f  T a i t  e t  al.**®, i t  was found  t h a t  th e  
o u tp u t  fro m  a  d . c .  e x c i t e d  l a s e r  c o u ld  be  m o d u la te d  by p u ls e  i o n i s i n g  
t r a n s p a r e n t  g a s e s  w i th in  th e  o p t i c a l  c a v i t y .  By o p e r a t in g  d i s c h a r g e s  
s e p a r a t e l y  i n  m e th a n e , h e liu m , a i r  and n i t r o g e n  in  th e  s e a le d  c e l l ,  th e  
s t im u la te d  e m is s io n  c o u ld  b e  i n h i b i t e d  o r ,  i f  t h e  c a v i ty  le n g th  had  b een  
in c r e a s e d  beyond th e  r e s o n a n t  c o n d i t io n ,  th e  s ig n a l  c o u ld  b e  r e c o v e r e d .  
As w ith  th e  w ork o f  T a i t  e t  a l . ,  no  enhancem ent of* th e  l a s e r  pow er was 
p ro d u c e d . To re d u c e  th e  l o s s e s  o f  th e  sy s te m , th e  M elinex  window was 
rem oved fro m  th e  c a v i t y .  F u r th e r  s w itc h in g  e x p e r im e n ts  w ere  c a r r i e d  o u t 
by p u l s e - i o n i s i n g  th e  p r o d u c ts  o f  t h e  d is c h a r g e  from  th e  a c t i v e  r e g io n  
w hich  w ere  now f r e e  t o  d i f f u s e  i n t o  th e  c e l l .  M o d u la tin g  a  f u l l y  tu n e d  
CW l a s e r  a g a in  r e s u l t e d  i n  r e d u c in g  th e  o u tp u t .  H ow ever, d e tu n in g  th e  
c a v i ty  on t h e  lo n g  s id e  o f  th e  r e s o n a n t  p o s i t i o n ,  so  t h a t  th e  p u ls e d  
p lasm a  w ould  r e c o v e r  th e  optim um  c o n d it io n , p ro d u c e d  an o u tp u t  p u ls e  o f 
g r e a t e r  i n t e n s i t y  th a n  th e  CW l e v e l .  An exam ple i s  shown in  
F ig u re  5 .3 7 ( a )  w here th e  p u l s e  o f  r a d i a t i o n  i s  s e e n  to  p re c e d e  a  s e r i e s  
o f  o s c i l l a t i o n s  ca u se d  by  v i b r a t i o n s  i n  th e  beam s p l i t t e r  i n s t i g a t e d  by 
th e  p u ls e d  d i s c h a r g e .  T h is  Q -sw itc h e d  o u tp u t  i s  s e e n  i n  g r e a t e r  d e t a i l  
i n  F ig u re  5 .3 7 ( b ) ,  th e  p e a k  i n t e n s i t y  b e in g  1 .7  dB g r e a t e r  th a n  t h a t  o f 
th e  f u l l y  tu n e d  CW o u tp u t .  Maximum e n e rg y  s to r a g e  was o b ta in e d  by 
f u r t h e r  d e tu n in g  th e  c a v i t y  so  t h a t  CW e m is s io n  was e x t in g u is h e d .  
I o n i s in g  th e  c e l l  th e n  p ro d u c e d  th e  r a d i a t i o n  p u ls e  o f  F ig u re  5 .3 7 ( c )  
w i th  a  p e a k  i n t e n s i t y  3 dB g r e a t e r  th a n  th e  optim um  CW l e v e l .  The t r a c e  
shown i s  s e e n  t o  p o s s e s s  two conqponents, th e  f i r s t  p ro d u ced  by th e  
c u r r e n t  p u l s e  sw eep ing  th e  l a s e r  th ro u g h  th e  r e s o n a n t  c o n d i t io n ,  and th e  
second  a s  th e  c u r r e n t  d e c a y s  and  th e  c a v i t y  p a s s e s  b ack  a ro u n d  th e  same 
g a in  p r o f i l e .  An exanq)le o f  s t im u la te d  e m is s io n  b e in g  i n h i b i t e d  by th e  
c u r r e n t  p u l s e  i s  shown i n  F ig u r e  5 .3 7 (d )  id ie r e  th e  CW e m is s io n  was 
p a r t i a l l y  re d u c e d  by  tu n in g  th e  c a v i t y  on th e  s h o r t  s id e  o f  th e  optimum 
le n g th .  Two s t r u c t u r e s  a r e  s e e n  a s  th e  r e s o n a to r  p a th  le n g th  was sw ept 
i n t o  th e  w in g s  o f  a  s e c o n d , c lo s e l y  a d ja c e n t  g a in  p r o f i l e .
No m o d u la tio n  o f  a  p u l s e —e x c i t e d  l a s e r  was o b s e rv e d . T h is  was e x p e c te d  
a s  h ig h e r  d e n s i t y  p la sm a s  th a n  th o s e  p ro d u ce d  by  a  B lum le in  s u p p ly  w ould 
be n e c e s s a r y  i n  th e  s h o r t  c e l l  t o  p ro d u c e  th e  r e q u i r e d  p h a se  s h i f t .  A t 
h ig h e r  d e n s i t i e s  c r e a te d  u s in g  th e  M arx g e n e r a to r ,  t r a n s m is s io n  th ro u g h  
th e  c e l l  becam e low  and  re d u c e d  th e  Q o f  th e  c a v i t y .  T h is  e f f e c t  i s  
shown i n  F ig u r e  5 .1 7 ( a ) .  The re q u ire m e n t  f o r  a  h ig h  d e n s i ty  low l o s s  
p lasm a  was n o t  p u rsu e d  in  t h i s  i n v e s t i g a t i o n .
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h o r i z o n t a l  s c a l e ,  2 ms p e r  l a r g e  d i v i s i o n  ( a )
h o r i z o n t a l  s c a l e ,  100  y s  p e r  l a r g e  d i v i s i o n  ( b )
h o r i z o n t a l  s c a l e ,  TOO y s  p e r  l a r g e  d i v i s i o n  ( c )
h o r i z o n t a l  s c a l e ,  100 y s  p e r  1a r g e  d i v i s i o n  (d )
F i g u r e  5 . 3 7 .  Q - s w i t c h e d  o u t p u t s  from t h e  7 . 6  cm d i a m e t e r ,  beam 
s p l i t t e r  c o u p l e d ,  d . c .  e x c i t e d  l a s e r .  S w i t c h i n g  
c e l l  i n s i d e  o p t i c a l  c a v i t y ,  ( a )  and ( b )  show 
Q - s w i t c h e d  p u l s e  f o l l o w e d  by a c o u s t i c  v i b r a t i o n s ;  
c a v i t y  p a r t i a l l y  d e t u n e d  from maximum CW o u t p u t ;
( c )  CW l e v e l  f u l l y  d e t u n e d ,  ( d )  CW l e v e l  p a r t i a l l y  
d e t u n e d .
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5 . 6 . 4 .  M ic h e lso n  c o n f ig u r a t io n
An e x a m in a t io n  was made o f  th e  Q -s w itc h in g  te c h n iq u e  p ro p o se d  i n  
C h a p te r  F o u r w here a  t h i r d  m i r r o r  i s  in tr o d u c e d  i n t o  th e  beam s p l i t t e r  
c o u p le d  l a s e r  sy s te m . F o llo w in g  th e  a rra n g e m e n t shown i n  F ig u re  4 .6 ,  
a  m i r r o r  was m ounted on th e  end  o f  a  d is c h a r g e  tu b e  w h ich  was p la c e d  
on one o f  th e  o u tp u t  p o r t s  o f  th e  7 .6  cm d ia m e te r  l a s e r .  As w ith  th e  
p r e v io u s  c e l l ,  r in g  e l e c t r o d e s  w ere in c o r p o r a te d  and a  M e lin ex  window 
i n s e r t e d  a c r o s s  th e  c a v i t y  a t  th e  p o s i t i o n  W i n  th e  f i g u r e ,  t o  i s o l a t e  
th e  p u l s e d  d i s c h a r g e  fro m  th e  beam s p l i t t e r .  When o p e r a t in g  th e  l a s e r  
by  d . c .  e x c i t a t i o n ,  maximum CW o u tp u t  was o b ta in e d  by o p t im iz in g  b o th  
th e  F a b r y -P d r o t  c a v i t y  l e n g th  and th e  p o s i t i o n  o f  th e  m ir r o r  on th e  
s id e  arm . T r a n s l a t i o n  o f  t h i s  a d d i t i o n a l  m ir r o r  p ro d u ce d  a  v a r i a b l e  
o u tp u t  pow er r a n g in g ,  a s  d e s c r ib e d  i n  s e c t i o n  2 . 2 . 4 ,  from  z e ro  t o  a  
l e v e l  f o u r  t im e s  t h a t  o f  a  s in g l e  o u tp u t  from  th e  c o n v e n tio n a l  beam 
s p l i t t e r  a r ra n g e m e n t. As b e f o r e ,  i o n i s i n g  th e  c e l l  w i th  th e  l a s e r  tu n e d  
t o  g iv e  maximum o u tp u t  i n h i b i t e d  l a s e r  a c t i o n .  T h is  i s  d e m o n s tra te d  i n  
F ig u re  5 .3 8 ( a )  w here  t h e  f u l l y  tu n e d  c o n d i t io n  h a s  b e e n  p e r tu r b e d  by 
b o th  th e  i n i t i a l  and r e c h a r g in g  c u r r e n t  p u l s e s  from  th e  B lu m le in  s u p p ly . 
P ro d u c in g  r a d i a t i o n  p u l s e s  w i th  th e  s id e  m ir r o r  tu n e d  to  re d u c e  th e  CW 
o u tp u t  t o  z e ro  p ro v e d  t o  be  c r i t i c a l l y  d e p e n d en t on b o th  th e  m ir r o r  
p o s i t i o n  and th e  m a g n itu d e  o f  t h e  c u r r e n t  p u l s e .  An exanqple o f  two 
s u c h  p u l s e s  i s  shown i n  F ig u re  5 .3 8 ( b ) .  The r e c h a r g in g  c u r r e n t  p u ls e  
was o f  s u f f i c i e n t  m a g n itu d e  to  p ro d u c e  c o n s t r u c t i v e  i n t e r f e r e n c e  i n  th e  
c e l l  and  a llo w e d  th e  se co n d  and  l a r g e r  p u l s e  t o  b u i ld  u p . The i n i t i a l  
c u r r e n t  f lo w  a l t e r e d  th e  p a th  l e n g th  i n  t h e  tu b e  t o  a  seco n d  c o n d i t io n  
o f  f i e l d  c a n c e l l a t i o n  and h e n c e  te r m in a te d  th e  b u i ld - u p  o f  r a d i a t i o n .  
F u r th e r  a d ju s tm e n t  o f  th e  c u r r e n t  f lo w  and th e  m ir r o r  p o s i t i o n  e n a b le d  
g r e a t e r  o u tp u t  i n t e n s i t i e s  t o  b e  o b ta in e d ,  t y p i f i e d  by  F ig u re  5 .3 8 ( c ) .  
H ere t h e  m a g n itu d e  o f  t h e  c u r r e n t  h a s  b een  in c r e a s e d  t o  o b t a in  th e  n e x t  
c o n d i t io n  o f  c o n s t r u c t i v e  i n t e r f e r e n c e .  The o u tp u t  commenced w i th  a  
s m a l l  r a d i a t i o n  p u l s e  g e n e ra te d  d u r in g  th e  b u i ld - u p  o f  th e  i o n i s a t i o n  
and  w as fo llo w e d  by th e  r i s e  o f  th e  m ain  r a d i a t i o n  o u tp u t  d u r in g  th e  
c u r r e n t  f lo w . The l a r g e s t  Q -sw itc h e d  o u tp u t  o b ta in e d  by  t h i s  te c h n iq u e  
had a  p e a k  i n t e n s i t y  6 dB g r e a t e r  th a n  t h a t  o f  th e  CW o u tp u t ,  p r o v id in g  
an im provem ent o f  12 dB o v e r  t h a t  o f th e  s in g l e  beam o u tp u t .
A f t e r  rem o v a l o f th e  M e lin e x  window from  th e  c e l l ,  v i b r a t i o n s  i n  th e  
beam s p l i t t e r ,  i n i t i a t e d  by  th e  p u ls e d  d i s c h a r g e ,  p ro d u c e d  a  c o n tin u o u s  
a l t e r a t i o n  o f  th e  p a th  l e n g th  i n  th e  s id e  arm . A s i m i l a r  s i t u a t i o n  was 
p ro d u c e d  when p u l s e - e x c i t i n g  th e  a c t i v e  m edium . I t  was s e e n  t h a t  
t r a n s l a t i o n  o f  th e  s id e  m i r r o r  now made l i t t l e  d i f f e r e n c e  to  th e  l a s e r
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h o r i z o n t a l  s c a l e ,  TO ys  p e r  l a r g e  d i v i s i o n  ( a )
h o r i z o n t a l  s c a l e ,  20  y s  p e r  Targe  d i v i s i o n  ( b )
h o r i z o n t a l  s c a l e ,  5 y s  p e r  l a r g e  d l v i s T o n  ( c )
F i g u r e  5 . 3 8 .  Q - s w i t c h e d  o u t p u t s  from t h e  7 . 6  cm d i a m e t e r ,
d . c .  e x c i t e d  l a s e r  u s i n g  t h e  M i c h e l s o n  s w i t c h i n g  
arrangemeri i t .  ( a )  OW l e v e l  f u l l y  t u n e d ,  ( 5 )  and  
( c )  CW l e v e l  d e t u n e d
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o u tp u t ,  show ing t h a t  th e  p h a se  c o n d i t io n  in  th e  s id e  arm  was ch an g in g  
a t  a  r a t e  to o  r a p i d  t o  a llo w  th e  c o n d i t io n s  n e c e s s a ry  f o r  Q -sw itc h in g  
t o  be s e t  u p .
I t  i s  e v id e n t  t h a t  th e  s u c c e s s f u l  u se  o f th e  M ic h e lso n  c o u p lin g  
a rra n g e m e n t m ust depend  on em ploy ing  a  low l o s s  r i g i d  beam s p l i t t e r .  
S u i ta b le  m a t e r i a l s  f o r  t h i s  a re  s u g g e s te d  i n  C h a p te r  T w elve. A d i s c u s s io n  
o f th e  p r o p e r t i e s  o f  th e  HCN l a s e r  and o f th e  f e a s i b i l i t y  o f Q -sw itc h in g  
th e  15 cm d ia m e te r  sy s te m  i s  g iv e n  i n  C h a p te r  S ix .
-1 1 7 -  
CHAPTER SIX
EVALUATION OF THE Q-SWITCHING MECHANISM OF THE HCN LASER
6 .1 .  I n t r o d u c t i o n
The e x p e r im e n ts  d e s c r ib e d  in  th e  p r e v io u s  c h a p te r  on p lasm a  p h a se  s h i f t  
s w itc h in g  and on s w itc h in g  w ith  th e  l a s e r  i n  th e  M ic h e lso n  c o n f ig u r a t io n  
showed some d e g re e  o f s u c c e s s .  T hese te c h n iq u e s  p ro d u ced  enhancem ent o f 
th e  o u tp u t  when th e  l a s e r  was d . c .  e x c i t e d  b u t  none when p u ls e  e x c i t e d .
I t  i s  n o te d  t h a t  th e  a c t i v e  s w itc h in g  e x p e rim e n ts  w ere p e rfo rm ed  w ith  th e  
7 .6  cm d ia m e te r  l a s e r  i n  w h ich  h ig h  p lasm a  d e n s i t i e s  w ere p ro d u ced  c a u s in g  
f a s t  mode s c a n n in g .  An a n a ly s i s  i s  c a r r i e d  o u t i n t o  th e  s u i t a b i l i t y  of 
th e  15 cm d ia m e te r  l a s e r  sy s tem  f o r  a c t i v e  s w itc h in g  and w h e th e r  a d v a n ta g e  
can  be ta k e n  o f  th e  s lo w e r  mode s c a n n in g  w hich  r e s u l t s  from  l a s e r  a c t i o n  
o c c u r r in g  a t  lo w er e l e c t r o n  d e n s i t i e s .  The d a ta  o b ta in e d  e n a b le  an 
e v a lu a t io n  t o  be  made o f  th e  pum ping r a t e  i n t o  th e  u p p e r  e x c i t e d  l e v e l  
o f  th e  HCN m o lecu le s  and h en ce  w h e th e r  a  f a s t  s w itc h in g  m echanism  can 
p ro d u ce  a  b u i ld - u p  o f r a d i a t i o n  i n  a  p e r io d  s h o r t e r  th a n  th e  mode sc an n in g  
t im e . F i r s t  c o n f i r m a t io n  o f  th e  mode sc a n n in g  th e o r y  i s  g iv e n .
6 .2 .  Mode s c a n n in g
The o u tp u t  fro m  th e  7 .6  cm d ia m e te r  l a s e r  i s  shown i n  F ig u re  5 .9 ( b )  ta k in g  
p la c e  i n  th e  a f t e r g lo w  o f  a  d is c h a r g e  in  a  m e th a n e -n i tro g e n  m ix tu re .  A p l o t  of 
th e  num ber o f  th e  modes scan n ed  a g a in s t  th e  c o r re s p o n d in g  p lasm a  d e n s i ty  
y i e l d s  th e  g ra p h  shown i n  F ig u re  6 .1 .  The s lo p e  o f t h i s  g ra p h  f o r  th e  
a f te r g lo w  p e r io d  h a s  a  v a lu e
^ = - ( 1 . 4  ± 0 .1 5 )  X 10-12 cm3an
T h is  i s  i n  good a g re e m e n t w i th  th e  p r e d i c t i o n  o f  e q u a t io n  2 ,1 0  w h ich , o v e r 
th e  same d e n s i t y  r a n g e ,  g iv e s  a  v a lu e  o f  - 1 .5  x 10 12 cm^. Mode sc an n in g  
was a l s o  o b s e rv e d  from  th e  15 cm d ia m e te r  l a s e r  i n  a  m e th a n e -n i tro g e n  
d is c h a r g e  b u t  m a in ly  d u r in g  th e  e x c i t a t i o n  c u r r e n t  p u l s e .  The m easured  
v a lu e s  o f e l e c t r o n  d e n s i t y  show th e  tim e  ta k e n  to  sc a n  th ro u g h  one mode 
i n  th e  a f t e r g lo w  p e r io d  to  be lo n g e r  th a n  th e  d u r a t io n  o f th e  o u tp u t  
p u l s e s  shown i n  F ig u re s  5 .8 ( c )  and 5 .8 ( d ) .  A p o s s ib l e  e x p la n a t io n  f o r  
th e s e  two d i f f e r e n t  o u tp u t  c h a r a c t e r i s t i c s  i s  t h a t  d u r in g  th e  c u r r e n t  p u l s e ,  
h ig h  g a in  c o n d i t io n s  p ro d u ce d  m ultim ode o p e r a t io n  and so  co m ple te  
c a n c e l l a t i o n  o f  th e  f i e l d  d id  n o t  t a k e  p l a c e .  As th e  g a in  f a l l s  i n  th e  
a f t e r g lo w ,  fe w e r  m odes become e x c i t e d ,  r e s u l t i n g  i n  th e  m ore co m p le te  
c a n c e l l a t i o n  shown i n  F ig u re  5 .8 ( d ) .  H ow ever, F ig u re  5 .8 ( c )  i n d i c a t e s  
t h a t  s t im u la te d  e m is s io n  i n  th e  a f te r g lo w  can  ta k e  p la c e  w h ile  th e  p h a se
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Figure 6 .1 . Number o f modes q scanned In the 7.6 cm diameter 
laser against the corresponding electron density in  
the methane-ïlitrogen mixture.
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of  th e  c a v i t y  i s  l a r g e ly  c o n s t r u c t i v e .  T h is  in -p h a s e  c o n d i t io n  p ro v id e s  
a  f i n i t e  t im e  i n  w h ich  a c t i v e  s w itc h in g  c o u ld  ta k e  p la c e .  To g a in  an 
u n d e r s ta n d in g  o f th e  n e c e s s a ry  v a lu e  o f th e  pump r a t e ,  an a r b i t r a r y  p e r io d  
i s  c h o sen  f o r  th e  s w itc h in g  to  o c c u r  to  be w i th in  -3  dB of th e  p eak  of 
th e  l a s e r ’ s g a in  p r o f i l e .  U sing  a  v a lu e  o f 8 MHz^^ f o r  th e  h a l f  w id th  
o f t h i s  l i n e ,  e q u a t io n  2 .11 g iv e s  a  f i g u r e  o f 125 ys to  c o m p le te  th e  
s w itc h in g  a c t i o n .  A ssum ing th e  o u tp u t  c o u p lin g  to  be th e  m ain  c o n t r ib u to r  
t o  th e  c a v i t y  l o s s e s  a f t e r  s w i tc h in g ,  e q u a t io n  2 .1 8  shows t h i s  p e r io d  to  
be 1300 c a v i t y  d ecay  t im e s .  The com puted o u tp u ts  d is p la y e d  in  F ig u re  4 .1 ,  
g e n e ra te d  by an i n f i n i t e l y  f a s t  Q -s w itc h in g  a c t i o n ,  show t h i s  t o  be an 
a d e q u a te  i n t e r v a l  f o r  an  o u tp u t  p u l s e  to  b u i ld  up p ro v id e d  th e  i n i t i a l  
v a lu e  o f th e  p o p u la t io n  in v e r s io n  i s  s i g n i f i c a n t l y  above th e  th r e s h o ld  
l e v e l .  F o r th e  f i n i t e  s w itc h in g  r a t e  s i t u a t i o n  e v a lu a te d  i n  s e c t io n  4 .3 ,  
th e  o u tp u t  c h a r a c t e r i s t i c s  i l l u s t r a t e d  i n  F ig u re  4 .2  d e m o n s tra te  t h a t  t h i s  
p e r io d  w ould a l s o  e n a b le  a  r a d i a t i o n  p u l s e  to  be  g e n e ra te d ,  a f t e r  h a v in g  
a llo w e d  a d e la y  b e f o r e  s w itc h in g  s u f f i c i e n t  f o r  th e  p o p u la t io n  in v e r s io n  
to  b u i ld  up from  z e r o .  T h is  i s  p ro v id e d  t h a t  a  minimum pump r a t e  be tw een  
4 X 10"3 and 4 x 10"^  s ”  ^ t im e s  th e  t h r e s h o ld  in v e r s io n  i s  m a in ta in e d .
I t  i s  e v id e n t  t h a t  a  know ledge o f th e  pump r a t e s  of th e  HCN l a s e r s  i s  
n e c e s s a ry  i n  o r d e r  to  i n v e s t i g a t e  th e  f e a s i b i l i t y  o f a c t i v e l y  s w itc h in g  
p u l s e - e x c i t e d  s y s te m s . T h is  w i l l  be  a c q u ir e d  by f i r s t  exam in ing  th e  
m echanism  o f th e  p la sm a  d e cay  i n  th e  v a r io u s  a c t i v e  m edia  s tu d ie d .
6 .3 .  P lasm a  d e cay
F ig u re s  6 .2  and 6 .3  r e s p e c t i v e l y  show th e  v a r i a t i o n  o f th e  in v e r s e  o f 
p lasm a  d e n s i t y  a g a in s t  t im e ,  and th e  lo g  o f  p lasm a  d e n s i ty  a g a in s t  tim e  
f o r  (a )  a  m e th a n e -n i tro g e n  m ix tu r e ,  (b ) n -p ro p y la m in e  v a p o u r , and (c) 
e th y le n e d ia m in e  v a p o u r  io n is e d  i n  a  15 cm d ia m e te r  tu b e .  The r e l a t i o n ­
s h ip s  2 . 8  and 2 . 7  i n d i c a t e  t h a t ,  i f  th e  e l e c t r o n  d ecay  was due p u r e ly  to  
r e c o m b in a t io n , th e n  th e  g ra p h s  shown i n  F ig u re s  6 .2  ( a ) - ( c )  w ould have a 
l i n e a r  v a r i a t i o n ,  and i f  d i f f u s i o n  was th e  s o le  p ro c e s s  ta k in g  p l a c e ,  th e n  
F ig u re s  6 . 3 ( a ) - ( c )  w ould  be  s t r a i g h t  l i n e  p l o t s .  The th r e e  a c t i v e  m edia  
u n d e r e x a m in a t io n  show d i f f e r e n t  c h a r a c t e r i s t i c s  o f  e l e c t r o n  rem o v a l.
I t  a p p e a rs  t h a t  re c o m b in a t io n  i s  th e  dom inan t p ro c e s s  i n  th e  e a r l y  p a r t  
o f  th e  a f t e r g lo w  p e r io d  i n  th e  m e th a n e - n i tr o g e n  m ix tu r e ,  ch an g in g  to  
d i f f u s i o n  l a t e r .  F o r e th y le n e d ia m in e  and n -p ro p y la m in e  v a p o u r i t  i s  
d i f f i c u l t  t o  a t t r i b u t e  e i t h e r  p r o c e s s  t o  b e  th e  m ain  m echanism . An 
i n v e s t i g a t i o n  o f  th e  pum ping m echanism  i n  e a ch  o f th e  th r e e  m ed ia  i s  
f a c i l i t a t e d  by s e p a r a t i n g  th e  e f f e c t s  o f d i f f u s i o n  and re c o m b in a t io n .
T h is  h a s  b e e n  p e rfo rm e d  u s in g  a  m ethod d e s c r ib e d  by A nisim ov e t  a l . ^ ^ .
The e x p r e s s io n  f o r  th e  t o t a l  r a t e  o f change o f e l e c t r o n  d e n s i ty
l /n ^ K iO - l l
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Figure 6 .2 . P lots o f Inverse o f electron density, l/n®, against
time In (a) a methane-nitrogen mixture, (b)n-propylam1ne 
vapour, and (c) ethylenediamine vapour. In a 15 cm 
diameter tube. Crossed bars represent uncertainty. 
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Figure 6 .3 . Plots o f in  (n^) against time in  (a) a methane-nitrogen 
mixture, (b) n-propylamine vapour# and (c) ethylene­
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represent uncertainty.
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i s  m u l t ip l i e d  by  - P / ( n ^ ) , P b e in g  th e  g a s  p r e s s u r e ,  su ch  t h a t
P ‘’“ e  V
S ;  “ d t  “  ~ û 2 * ^ “eFP“ <
B ecause  o f  th e  p r e s s u r e —dep en d en ce  o f  th e  d i f f u s i o n  c o n s ta n t ,  D P i s  
 ^ a
assum ed to  b e  in d e p e n d e n t  o f  p r e s s u r e  and so  a  p l o t  o f - P /  (n ^ ) dn^ /  d t
a g a in s t  P p ro d u c e s  a  s t r a i g h t  l i n e  o f  s lo p e  and i n t e r c e p t
D P /(A ^ ) on th e  - P / ( n  ) d n  /  d t  a x i s .  The l i m i t a t i o n s  o f  t h i s  te c h n iq u e  
. G e
hav e  b e e n  d i s c u s s e d  b y  Newton and  S e x t o n ^  w here any d e p a r tu r e  fro m  th e  
a ssu m p tio n  t h a t  D^P i s  p r e s s u r e - in d e p e n d e n t  in t r o d u c e s  an  in a c c u ra c y  and 
th e  m ethod m ust g iv e  th e  lo w e s t  p o s s ib l e  v a lu e  f o r  th e  re c o m b in a t io n  
c o e f f i c i e n t .  The v a lu e s  o b ta in e d  i n  t h i s  way a re  shown p l o t t e d  a g a in s t  
e l e c t r o n  d e n s i t y  i n  F ig u r e  6 .4 .
6 .4 .  Pump m echanism
I t  i s  now p o s s ib l e  t o  c a l c u l a t e  th e  r a t e  o f  rem oval o f e l e c t r o n s  from  
th e  p lasm a  by r e c o m b in a t io n .  M aking th e  a ssu m p tio n  t h a t  th e  pump r a t e  of 
th e  l a s e r  i s  p r o p o r t i o n a l  t o  th e n  F ig u re  6 .5  i n d i c a t e s  t h a t
th ro u g h o u t th e  p e r io d  i n  w h ich  th e  15 cm d ia m e te r  l a s e r  o s c i l l a t e s ,  th e  
pum ping p r o c e s s  i s  m a in ta in e d  a t  a  n e a r  s te a d y  r a t e .  I t  w ould  b e  
i n s t r u c t i v e  t o  com pare t h i s  p r o p o s a l  w i th  v a lu e s  o f  pump r a t e  t h a t  may 
b e  deduced  fro m  t h e  m easu rem en t o f  a . l a s e r  p u l s e .  To do t h i s ,  a s su m p tio n s  
m ust b e  made a b o u t t h e  p e ^  a b s o r p t io n  c r o s s - s e c t i o n  cr, and th e  
p r o b a b i l i t y  o f  d e - e x c i t a t i o n  X, o f  t h e  p o p u la t io n  i n v e r s io n  d u r in g  p u ls e d  
c o n d i t io n s .  The e x p r e s s io n  f o r  a  g iv e n  i n  C h a p te r  Two
a  = N3 + N2
shows t h a t  a i s  n o t  th e  s im p le  p a ra m e te r  t h a t  e x i s t s  f o r  a  s o l i d  s t a t e  
medium. I n  t h e  c a s e  o f  t h e  c h e m ic a l  p r o d u c t io n  o f HCN, ag m ust be  
m easu red  i n  te rm s  o f  u n s a tu r a te d  g a in  r a t h e r  th a n  a b s o r p t io n  and h e n c e  
w i l l  b e  a  f u n c t io n  o f  t h e  i n v e r s io n  d e n s i t y .  I t s  v a lu e  w i l l  t h e r e f o r e  
v a ry  th ro u g h o u t  th e  a f t e r g lo w  p e r i o d ,  a s  w i l l  th e  t o t a l  num ber o f  a c t i v e  
p a r t i c l e s ,  N3 + N2 . I t  was shown e a r l i e r  t h a t  th e  p o p u la t io n  i n v e r s io n  
anH t he t o t a l  num ber o f  m o le c u le s  i n  t h e  u p p e r  and  low er l e v e l s  o f  th e  
l a s e r  t r a n s i t i o n  may b e  e x p re s s e d  b y  e q u a t io n s  2 .1 5  and 2 .1 6 .  T ak in g  
b o th  q u a n t i t i e s  t o  b e  d i r e c t l y  p r o p o r t io n a l  t o  th e  pump r a t e  R , th e  
a ssu m p tio n  w i l l  b e  made t h a t  t o  a  f i r s t  a p p ro x im a tio n , a may b e  c o n s id e re d
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Figure 6 ,4 . E ffective recombination coeffic ien ts in ( i )  a methane* 
nitrogen mixture» ( i i )  n-propylaraine vapour, and 
( i i i )  ethylenediamine vapour, against electron density. 
15 cm diameter tube.
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t o  b e  in d e p e n d e n t o f R. E x p e r im e n ta l  c o n f i r m a t io n  a t  low p la sm a
d e n s i t y  t h a t  ag i s  d i r e c t l y  p r o p o r t i o n a l  t o  R i s  o b ta in e d  from  th e
m easu rem en ts o f  S ta fs u d d  and Y eh^^ , re p ro d u c e d  i n  F ig u re  3 .3 ,  U sing
;
t h e i r  m easu rem en ts o f  th e  g a in  o f  a  d .,c . e x c i t e d  m e th a n e -n i tro g e n  
m ix tu re  i n  a  7 .6  cm d ia m e te r  t u b e ,  s t r a i g h t  l i n e  g ra p h s  o f  g a in  a g a in s t  
c u r r e n t  a r e  o b ta in e d ,  a s  shown i n  F ig u re  6 . 6  a t  th e  g as  p r e s s u r e  
n o rm a lly  em ployed i n  t h e  p r e s e n t  w ork o f  1 t o r r .  H ow ever, t h i s  l i n e a r  
r e l a t i o n s h i p  i s  h o t  o b ta in e d  a t  a l l  g a s  p r e s s u r e s ,  i n d i c a t i n g  t h a t  th e  
c o l l i s i o n a l  d e - e x c i t a t i o n  com ponents o f th e  p r o b a b i l i t i e s  X3 and X2 
p ro d u c e  a  s i g n i f i c a n t  e f f e c t  on  t h e  in v e r s io n  l e v e l .  To d e c id e  w h e th e r  
in c r e a s e d  c o l l i s i o n a l  a c t i v i t y  d u r in g  p u ls e d  e x c i t a t i o n  s e r i o u s ly  
p e r t u r b s  X3 and X2 fro m  t h e i r  d . c .  e x c i t e d  v a l u e s ,  e s t im a te s  o f  th e  
e l e c t r o n  te m p e ra tu re  h a v e  b e e n  m ade.
6 . 4 . 1 .  E l e c t r o n  te m p e ra tu re  .
The r a d i a l  d e n s i t y  m easu rem en ts  made i n  th e  15 cm d ia m e te r  tu b e  
i n d ic a te d  t h a t  some lo s s  o f  i n t e n s i t y  o f  th e  m icrow ave beam was ca u se d  
by  r e f r a c t i o n .  T h is  l o s s  was e s t im a te d  u s in g  th e  m ethod d e s c r ib e d  i n  
s e c t i o n  4 .4  and th e  e l e c t r o n  d e n s i t y  m easu rem en ts  o f  s e c t io n  5 .5  w i th  
th e  v a lu e s  o f  3 i n  T a b le  5 . 3 .  R e f l e c t i o n  from  t h e  p lasm a  a t  th e  
e l e c t r o n  d e n s i t i e s  i n c u r r e d  i s  c o n s id e r e d  t o  b e  i n s i g n i f i c a n t .  
A t te n u a t io n  o f th e  X -band r a d i a t i o n  due t o  a b s o r p t io n  i n  th e  i n t e r f e r o ­
m e te r  e x p e r im e n ts  was c a l c u l a t e d  fro m  th e  a m p litu d e  o f th e  i n t e r f e r e n c e  
f r i n g e s  a f t e r  a l lo w in g  f o r  r e f r a c t i o n .  The i n t e n s i t y  o f  th e  beam 
em erg ing  from  th e  p la sm a  I 2 a f t e r  a t t e n u a t i o n  was c a lc u la t e d  from  th e  
u n a t te n u a te d  i n t e n s i t y  1% and fro m  th e  i n t e n s i t y  o f  th e  in -p h a s e  
c o n d i t io n  o f  th e  f r i n g e s  a s
I 2 =  I l  + I "  -  2i/ I I I '
The a t t e n u a t i o n  le n g th  d ,  d e f in e d  a s  th e  d i s t a n c e  i n  th e  p lasm a  i n  w h ich  
th e  a m p litu d e  o f  t h e  m icrow ave r a d i a t i o n  i s  re d u c e d  by a  f a c t o r  o f  * /g ,  
was c a lc u l a t e d  from
- 2xd = -
l o s j  ^I t )
X  b e in g  th e  p a th  l e n g th  i n  t h e  p la s m a . An e x p re s s io n  f o r  th e  a t t e n u a t i o n  
l e n g th  g iv e n  by  H eald  and  W harton^^ a s
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Figure 6 ,6 . Gain against direct current in (a) 1:1 r a tio , and 
(b) 1:2 ratio  of methane:nitrogen at 1 torr. Data 
obtained from Stafsudd and Yeh^®.
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w here w i s  th e  a n g u la r  f re q u e n c y  o f  th e  p ro b in g  r a d i a t i o n ,  th e  
p lasm a  f re q u e n c y  and c th e  v e l o c i t y  o f  l i g h t ,  e n a b le s  a  v a lu e  to  be 
o b ta in e d  f o r  th e  p a r t i c l e  c o l l i s i o n  f re q u e n c y  v . At th e  low  p lasm a 
d e n s i t i e s  e n c o u n te re d . Coulomb c o l l i s i o n s  b e tw een  e le c t r o n s  and io n s  
a r e  assum ed to  be  th e  d o m in an t p r o c e s s  and so  tjie  e x p re s s io n  f o r  th e  
e l e c t r o n - i o n  c o l l i s i o n  frequency^®
V = 2 .6 3  n ^ Z ( T j  i f  lo g  A . . . ( 6 . 1 )
w as u s e d  t o  c a l c u l a t e  th e  e l e c t r o n  te m p e ra tu re  from  th e  c a lc u la t e d  
v a lu e  o f  V, th e  e l e c t r o n  d e n s i t y  n  , th e  i o n i c  c h a rg e  Z , w hich  was 
assum ed t o  be  u n i t y ,  and th e  Coulomb lo g a r i th m  log^A , The p a ra m e te r  A,
d e f in e d  by  Spitzer® ®  a s  th e  r a t i o  o f  th e  Debye le n g th  to  th e  mean 
im p a c t p a r  ami 
W harton^^ a s
a e te r  p ro d u c in g  a  9 0 °  d e f l e c t i o n ,  i s  e x p re s s e d  by  H eald  and
^ ^  ^  ^  1 .55  X lo lO (k T { e v } )^ /^
B ecau se  o f  th e  low p la sm a  d e n s i t i e s ,  a  c o r r e c t i o n  to  th e  Coulomb
lo g a r i th m , a g a in  d e s c r ib e d  by  H ea ld  and W harton , f o r  th e  c o n d i t io n
ù)»ü) w as made su ch  t h a t  
P
(1)
lo g  A = lo g  (0 .4 5 )  —^  A . . . ( 6 . 2 )®e w sp
E x p r e s s in g  6 .1  a s
(T ) ^ / z  = X = b lo g  A
and 6 . 2  a s
lo g  A = lo g  a  + lo g  X e  e  e
v a lu e s  f o r  T w ere  o b ta in e d  g r a p h i c a l l y  by  p l o t t i n g  log^X  and 
e  ®
(X /b ) -  lo g  a  a g a in s t  X. The v a lu e s  c a lc u la t e d  f o r  T^ and v a r e  shown 
i n  F ig u r e  6 .7  p l o t t e d  a g a in s t  f o r  d i s c h a r g e s  i n  (a )  a  m e th a n e -n i tro g e n  
m ix tu r e ,  (b ) e th y le n e d ia m in e  v a p o u r ,  and (c )  n -p ro p y la m in e  v a p o u r . T^ 
i s  s e e n  to  be  low  and th e  s m a ll  v a r i a t i o n  i n  b o th  T^ and v s u g g e s ts  
t h a t  l i t t l e  ch ange  o c c u rs  i n  th e  d e —e x c i t a t i o n  p r o c e s s e s  d u r in g  th e  
l a s e r  a c t i v e  p e r io d  o f  th e  a f t e r g lo w .
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Figure 6 .7 . Variation o f electron temperature with electron density 
in the afterglow o f plasmas formed using the Bliialein 
power supply in (a) a methane-nitrogen mixture.
(b) ethylenediamine vapour, and (c) n-propylamine vapour.
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6 . 4 .2 .  M o le c u la r  fo rm a tio n
I t  was shown e a r l i e r  t h a t  n e i t h e r  th e  p r o c e s s  o f d i f f u s i o n  n o r  
r e c o m b in a t io n  c o u ld  a c c o u n t  s o l e l y  f o r  th e  p lasm a  d e c ay  i n  th e  
t h r e e  m ed ia  i n v e s t i g a t e d .  I t  w i l l  b e  u s e f u l  a t  t h i s  s ta g e  to  exam ine 
th e  v a r i a t i o n  o f  th e  p la sm a  c o n d i t io n s  d u r in g  th e  l a s e r  a c t i v e  p e r io d  
i n  o r d e r  t o  c o r r e l a t e  th e s e  w i th  th e  c h e m ic a l p r o c e s s e s  t a k in g  p l a c e .
The m ass s p e c t r o s c o p y  e x p e r im e n ts  o f  S c h b tzau  and K neubühl^^ showed 
t h a t  m o le c u la r  h y d ro g en  i s  e s s e n t i a l  t o  th e  o p e r a t io n  o f th e  HCN l a s e r .  
O b s e rv a t io n  showed t h a t  f o r  a  m e th a n e -n i tro g e n  d i s c h a r g e ,  maximum 
s t im u la te d  e m is s io n  o c c u rre d  when th e  h ig h e s t  c o n c e n t r a t io n  o f hy d ro g en  
m o le c u le s  was p r e s e n t ,  w h ich  d id  n o t  c o rre sp o n d  to  t h e  maximum 
c o n c e n t r a t io n  o f  HCN m o le c u le s .  T h e i r  s tu d i e s  o f a  p u re  HCN a tm o sp h e re  
showed t h a t  h y d ro c y a n ic  a c id  i s  d i s s o c i a t e d  by  e l e c t r o n  im p a c t,  w h ile  
h y d ro g en  m o le c u le s  te n d  t o  s u p p re s s  t h i s  a c t i o n .  A lth o u g h  CW o p e r a t io n  
c o u ld  n o t  be o b ta in e d  from  an  HCN g a s ,  l a s e r  e m is s io n  o c c u r re d  u n d e r 
p u ls e d  e x c i t a t i o n ,  th e  o u tp u t  i n t e n s i t y  b u i ld in g  up o v e r  s e v e r a l  
p u l s e s .  T h is  c o rre s p o n d e d  to  a  b u i ld - u p  o f  hyd rogen  and p ro v ed  t h a t  
e l e c t r o n  im p ac t i s  n o t  th e  d o m in an t e x c i t a t i o n  m echanism  o f  th e  HCN 
m o le c u le s ,  s in c e  t h e  c o n c e n t r a t io n  o f  HCN d e c re a s e d  a f t e r  e a c h  p u l s e .  
S c h b tza u  and K neubühl^^  p r e s e n te d  an  e n e rg y  l e v e l  d iag ra m  f o r  th e  C/H/N 
sy s tem  w h ich  i s  r e p ro d u c e d  i n  F ig u re  6 . 8 . . T h is  shows t h a t  H£ i s  
p ro d u ced  i n  t h e  p la sm a  a t  an  e n e rg y  n e a r  t h a t  o f  th e  f o rm a tio n  o f  HCN, 
w h i le  HCN m o le c u le s  a r e  u n s ta b l e  a t  t h e  d i s s o c i a t i o n  e n e rg y  o f  n i t r o g e n  
m o le c u le s .  From th e s e  o b s e r v a t io n s ,  S c h b tza u  and  K neubühl p ro p o se d  a 
m echanism  w hereby  e x c i t e d  HCN m o le c u le s  may b e  p ro d u c e d  by  a  c h e m ica l 
r e a c t i o n  i n  a  m e th a n e - n i t r o g e n  d i s c h a r g e
CHij + e  .-»■ CH3 + H + e  , 
fo llo w e d  by  th e  f o rm a t io n  o f h y d ro g e n  c y a n id e  a s
CH3 + N *> HCN + 2H
and t h a t  a  m e ta s ta b le  v i b r a t i o n  s t a t e  o f  th e  hy d ro g en  m o le c u le  t r a n s f e r s  
e n e rg y  t o  th e  HCN m o le c u le .
The n i t r o g e n  t o  h y d ro g e n  r a t i o ,  d e te rm in e d  by th e  d is c h a r g e  c u r r e n t ,
m ust b e  optim um  f o r  HCN p r o d u c t io n .  HCN w i l l  n o t  b e  s t a b l e  i f  n i t r o g e n
d o m in a te s  b u t  w i l l  decom pose i f  a to m ic  hy d ro g en  d o m in a te s , due t o  th e  
d i f f e r e n c e  o f  th e  e n e rg y  l e v e l s  o f  H and HCN.
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Figure 6 .8 . Energy levels in the C/H/N system in an HCN laser  
medium. After SchStzau and KneubDhl^ .^
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The m easu rem en ts  o f  e l e c t r o n  te m p e ra tu re  shown i n  F ig u re  6 .7  f o r  th e  
p r e s e n t  w ork w ith  a  15 cm d ia m e te r  d is c h a r g e  t u b e ,  i n d i c a t e  a  low 
p r o b a b i l i t y  o f CH3 p r o d u c t io n  by  e l e c t r o n  c o l l i s i o n  w i th  m ethane 
m o le c u le s  d u r in g  th e  a f t e r g lo w .  I t  would be  i n s t r u c t i v e  t o  d is c o v e r  
w h e th e r  t h e  t r e a t in e n t  a d o p te d  i n  t h i s  t e x t ,  w here  an  e f f e c t i v e  
r e c o m b in a t io n  c o e f f i c i e n t  h a s  b e e n  d e f in e d  f o r  t h e  i o n i c  m ix tu r e ,  can  
be  u se d  to  e x p la in  t h e  re c o m S in a t io n  p ro c e s s  i n  te rm s  o f m ore co m p le te  
d i s s o c i a t i o n  o f  th e  CHi+ and  N2 m o le c u le s  i n t o  C, H and  N io n s .  The 
m a s s - s p e c t r o m e t r ie  a n a ly s i s  o f  S ch d tzau  and K n e u b ü h l showed t h a t  th e  
c o n c e n t r a t io n  o f  HCN m o le c u le s  was s m a ll  com pared to  th e  c o n c e n t r a t io n  
o f  h y d ro g e n . A ssum ing t h a t  t h i s  s i t u a t i o n  e x i s t e d  i n  th e  l a s e r s  o p e ra te d  
i n  t h e  p r e s e n t  w o rk , and t h a t  th e  p ro d u c t io n  o f  h y d ro g en  m asks o th e r  
p r o c e s s e s ,  th e n  th r e e -b o d y  re c o m b in a t io n  w ould b e  e x p e c te d  to  o c c u r ,  
w here  two o p p o s i t e ly  c h a rg e d  p a r t i c l e s  c o l l i d e  w ith  a  t h i r d  body . A 
t e s t  o f  t h i s  a s su m p tio n  can  be  p e rfo rm ed  u s in g  an  e x p r e s s io n  f o r  th e  
r e c o m b in a t io n  c o e f f i c i e n t  o f  t h i s  p ro c e s s  d e r iv e d  by D 'Angelo^O o f
a 3 . 9  X 10-9 ^  (T ) - 4 '5
P l o t t i n g  lo g io [ ¥ ] a g a in s t  lo g io (T  ) i n  F ig u re  6 .9  f o r  th e  th r e e  m ed ia
p ro d u c e d  s t r a i g h t  l i n e  g r a p h s ,  th e  s lo p e s  o f  w h ich  a r e  shown i n  T ab le  6 .1 .
T a b le  6 .1
— —  a g a in s t  lo g ipCT^) f o r
(a )  m e th a n e - n i tr o g e n  m ix tu r e ,  (b ) e th y le n e d ia m in e  v a p o u r ,
( c )  n -p ro p y la m in e  v a p o u r
P r e s s u r e
t o r r G ra d ie n t
1.0 - 8 .3  ± 0 .5
(a ) 0 . 8 - 6 . 6  ± 0 .5
0 . 6 - 7 .0  ± 0 .8
0 .9 - 7 .5  ± 0 .4
(b ) 0 .7 - 8 .0  ± 0 .4
0 .5 - 8 . 8  + 0 .5
1 . 0 - 3 .0  ± 0 .5
(c ) 0 .7 -2 ^ 9  ± 0 . 6
0 .5 - 4 .0  ± 0 .9
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Figure 6 .9 . P lots o f l o g i o ^ ^  against logic Tg for the afterglow
periods of discharges in
(a) nethane-nitrogen mixture 
bj ethylenediamine vapour, and 
c) n-propylamine vapour!
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The v a lu e s  o f th e s e  g r a d i e n t s  do n o t  a g re e  w ith  th e  pow er o f  i n  th e  
e x p r e s s io n  o f - 4 . 5 .  I t  m ust be co n c lu d e d  t h a t  h y d ro g en  p r o d u c t io n  does 
n o t  d o m in a te  o th e r  p r o c e s s e s  i n  th e  l a s e r  s tu d ie d  and t h a t  c o l l i s i o n s  
w ith  o th e r  m o le c u le s  and io n s  c a n n o t b e  ig n o re d . H ow ever, th e  s i t u a t i o n  
i n  w h ich  a to m ic  io n s  o f  C, H and N reco m b in e  i n t o  m o le c u la r  io n s  can  
be  r e p r e s e n te d  by th e  io n  c o n v e rs io n  r e l a t i o n s h i p  g iv e n  by C ro n in  and 
S e x to n ^ 1 a s
dc
w here = a to m ic  io n  d e n s i t y
3 = io n  c o n v e rs io n  c o n s ta n t
P q = gas p r e s s u r e  re d u c e d  to  0°C
dn^
P l o t s  o f  —^  a g a in s t  n^  i n  F ig u r e  6 .1 0  f o r  th e  m e th a n e - n i tr o g e n  m ix tu r e ,  
n -p ro p y la m in e  v a p o u r  , and e th y le n e d ia m in e  v ap o u r a l l  r e v e a l  s t r a i g h t  l i n e  
g ra p h s  f o r  d i f f e r e n t  p r e s s u r e s .  M aking th e  a s su m p tio n  t h a t  th e  o r i g i n a l  
m o le c u le s  a r e  d i s s o c i a t e d  i n t o  io n s  o f  t h e i r  c o n s t i t u e n t  atom s so  t h a t  
th e  e l e c t r o n  d e n s i t y  n u m e r ic a l ly  r e p r e s e n t s  th e  io n  d e n s i t y ,  th e n  io n  
c o n v e rs io n  a s  d e s c r ib e d  by  C ro n in  and  S ex to n  a p p e a rs  o p e r a t iv e  th ro u g h ­
o u t th e  d e c a y  p e r io d  u n d e r  i n v e s t i g a t i o n .
A t th e  low  e l e c t r o n  d e n s i t i e s  p ro d u ce d  i n  th e  15 cm d ia m e te r  tu b e ,  th e  
io n  te m p e ra tu re  w i l l  b e  ta k e n  a s  a p p ro x im a te ly  e q u a l  t o  th e  g a s  
t e m p e r a tu r e .  C o n s id e r in g  t h i s  i n  c o n ju n c t io n  w i th  th e  low e l e c t r o n  
te m p e ra tu re s  and  th e  a p p a re n t  c o n tin u o u s  m echanism  o f  io n  c o n v e rs io n , 
l i t t l e  ch an g e  i s  i n d ic a te d  i n  t h e  c o n d i t io n s  o f  th e  c h e m ic a l p ro c e s s  
th ro u g h o u t  th e  a f t e r g lo w .  The a s su m p tio n  w i l l  t h e r e f o r e  be  made t h a t  
th e  c o l l i s i o n a l  c o n t r i b u t i o n  t o  th e  u p p e r  and lo w er t r a n s i t i o n  
p r o b a b i l i t i e s ,  and X^^ r e s p e c t i v e l y ,  v a r i e s  l i t t l e  th ro u g h o u t  th e  
l a s e r  a c t i v e  p e r i o d .  I t  i s  a l s o  assum ed t h a t  th e  v a lu e s  o f X^g and X^g 
f o r  th e  15 cm d ia m e te r  l a s e r  when p u l s e - e x c i t e d  a r e  c lo s e  t o  th o s e  when 
d . c .  e x c i t e d .  S u p p o rt f o r  t h i s  s u p p o s i t io n  i s  o b ta in e d  from  th e  
e x p e r im e n ts  o f  S ch S tzau  and K n e u b ü h l . From t h e i r  w ork on a  d . c .  
e x c i t e d  l a s e r  a t  an  e l e c t r o n  d e n s i t y  o f  2 .7  x 10^® cm” ^ ,  a  v a lu e  f o r  th e  
th e  e l e c t r o n - i o n  c o l l i s i o n  f re q u e n c y  i s  c a l c u l a t e d  t o  b e  2 % s ^ .
T h is  i s  s e e n  t o  be  c lo s e  t o  th e  v a lu e s  d i s p la y e d  i n  F ig u re  6 .7 .  F u r th e r  
c o n f i r m a t io n  i s  p ro v id e d  by  F ra y n e^ ^  who o b ta in e d  v a lu e s  f o r  th e  
t r a n s i t i o n  p r o b a b i l i t i e s  i n  a  7 .6  cm d ia m e te r  l a s e r .  From th e  p r e s e n t  
w ork , a  much g r e a t e r  d i f f e r e n c e  b e tw een  th e  e l e c t r o n  d e n s i t i e s  p ro d u ced  
i n  a  p u l s e —e x c i t e d  and i n  a  d . c .  e x c i t e d  7 .6  cm d ia m e te r  l a s e r  i s
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Figure 6 .10 . against for  (a) methane-nitrogen mixture
(b) n-propylamlne vapour# and (c) ethylenediamine 
vapour Ionised In a 15 cm diameter tube
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e x p e c te d  th a n  b e tw een  th o s e  p ro d u ced  i n  th e  15 cm d ia m e te r  p u ls e d  l a s e r  
and th o s e  o f  th e  d . c .  l a s e r  o f S ch d tzau  and K neubüh l, N e v e r th e le s s ,  
F ra y n e  o b ta in e d  a  c lo s e  a g reem en t b e tw een  X3 = 8, 1  x 10  ^ s ”  ^ f o r  a  
p u l s e - e x c i t e d  l a s e r  and X3 « 7 , 7  x 10 .^ s^^ f o r  a  d . c ,  l a s e r .
From th e  w ork  o f  F ra y n e ^ ^ , th e  p r o b a b i l i t y  o f  t h e  d e - e x c i t a t i o n  o f th e  
p o p u la t io n  i n v e r s io n  may b e  e x p re s s e d  a s
.  CL f, -  / 32^ 2 ,  11 
• [A3 1  JJ
w h e re , a s  i n  C h a p te r  Two, X3 i s  th e  t r a n s i t i o n  p r o b a b i l i t y  o f th e  u p p e r 
l e v e l  w i th  r a d i a t i v e  c o n t r i b u t i o n .  X32 , and X2 t h e  t r a n s i t i o n  p r o b a b i l i t y  
o f th e  lo w e r l e v e l .  From o b s e rv a t io n s  o f  th e  t r a n s i e n t  o u tp u t  from  a 
r o t a t i n g  m ir r o r  Q -sw itc h e d  l a s e r ,  F ray n e  e s t im a te d  t h a t  X32 ~ 5 X2 ,
U sing  t h i s  w i th  h i s  v a lu e s  o b ta in e d  f o r  th e  337 pm e m is s io n  l i n e  o f
X3 = 7 ,7  X 1q3 s"^  and X2 = 1 ,64  x 10^ 
a  v a lu e  f o r  X i s  c a lc u l a t e d  t o  b e
X = 4 ,2  X 10^ s -1
An e s t im a te  o f  th e  p e a k  a b s o r p t io n  c r o s s - s e c t i o n  a  may now b e  made u s in g  
th e  v a r i a t i o n  o f  CW o u tp u t  pow er from  th e  h o le —c o u p le d  l a s e r  w i th  
d i s c h a r g e  c u r r e n t  shown i n  F ig u re  5 .3 ( b ) , S e t t i n g  = 0 i n  e q u a t io n  2 ,2 0  
f o r  th e  CW c a s e ,  th e  e x p r e s s io n
-2«oN —  + R -  = 0  . . . ( 6 . 3 )
I- *’
i s  o b t a in e d .  As g a in  and p o p u la t io n  in v e r s io n  a r e  c o n s ta n t  d u r in g  CW 
o p e r a t io n  and e q u a l  t o  t h a t  f o r  th e  th r e s h o ld  c a s e ,  th e  n e a r  l i n e a r  
r e l a t i o n s h i p  i n  F ig u re  5 .3 ( b )  im p l ie s  t h a t  o v e r  th e  r e g io n  i n v e s t i g a t e d ,  
th e  pump r a t e  i s  a p p ro x im a te ly  p r o p o r t io n a l  t o  th e  d i s c h a r g e  c u r r e n t  
Hence e x p r e s s in g
R = K I , , , , ( 6 . 4 )dc
K b e in g  a  c o n s t a n t ,  t h e  s lo p e  o f  th e  c u rv e  e n a b le d  a  v a lu e  o f  K t o  be  
c a lc u l a t e d  a s
K = 1 , 6  X lO^G coulom bs cm” ^
— 136“
To o b t a i n  t h i s  r e s u l t ,  an  a v e ra g e  p h o to n  d e n s i t y  i n s i d e  th e  l a s e r  was 
c a l c u l a t e d  fro m  th e  c a v i t y  l o s s e s  and  by assum ing  an  e f f e c t i v e  r a d iu s  
t o  be  t h a t  o f  t h e  mode r a d i u s .  A v a lu e  o f  th e  mode r a d i u s  o f  th e  15 cm 
d ia m e te r  l a s e r  sy s te m  o b ta in e d  u s in g  e q u a t io n  2 ,4  i s  w = 2 ,7 9  cm. T h is  
i s  i n  good a g re e m e n t w i th  th e  mode r a d iu s  m easu red  from  th e  beam 
p r o f i l e  o f  th e  beam s p l i t t e r  c o u p le d  l a s e r  i n  F ig u re  5 .6 ( a )  o f  
w = 2 ,8 5  ± 0 , 3 0  cm. H aving o b ta in e d  a  v a lu e  f o r  K, th e  d i s c h a r g e  c u r r e n t  
a t  th e  i n t e r c e p t  o f  th e  c u r r e n t  a x is  can  be u se d  i n  e q u a t io n s  6 , 3
and 6 ,4  t o  g iv e  a  v a lu e  f o r  th e  th r e s h o ld  p o p u la t io n  in v e r s io n  o f
K I ._ n
N = — r—  = 5 ,6  X 10^ cm"3 
p  A
U sing  th e  v a lu e  f o r  th e  f r a c t i o n a l  l o s s e s  o f  t h e  h o le - c o u p le d  l a s e r  
g iv e n  i n  s e c t i o n  5 ,2  o f  f  = 0 ,4 ,  th e  c a v i ty  d e c ay  tim e  i s  c a lc u la t e d  
from  e q u a t io n  2 ,1 8  a s  t  = 9 ,4  x 10“ ® s .
The t h r e s h o ld  g a in  o f th e  l a s e r  sy s tem  i s  fo u n d  b y  s e t t i n g  ^  = 0 i n
e q u a t io n  2 ,1 9  f o r  CW o p e r a t io n ,  w h ich  g iv e s
a  = — . = 3 , 6 x 10"*^  cm“^p T Jc
A v a lu e  c a n  now b e  c a l c u l a t e d  f o r  th e  p eak  a b s o r p t io n  c r o s s - s e c t i o n  u n d e r 
c o n d i t io n s  o f  CW a c t i o n  o f
a
a = = 6 ,4  X 10“ ^^ cm^
A g a in , t a k i n g  i n t o  a c c o u n t th e  d i a g n o s t i c s  o f  th e  l a s e r  p la sm a , nam ely 
th e  low  e l e c t r o n  te m p e ra tu re  and  th e  a p p a r e n t ly  c o n tin u o u s  p ro c e s s  o f  
io n  c o n v e r s io n ,  t h e  a s su m p tio n  w i l l  b e  made t h a t  th e  above v a lu e  o f  o 
may b e  u s e d  a s  an  i n d i c a t i o n  o f  i t s  v a lu e  d u r in g  p u ls e d  e x c i t a t i o n .
I t  was s t a t e d  e a r l i e r  t h a t  t h e  r a d i a t i o n  o u tp u t  t a k in g  p la c e  i n  th e  
a f t e r g lo w  shown i n  F ig u re  5 , 8 (c )  was l a r g e l y  u n a f f e c te d  b y  mode s c a n n in g . 
T h is  s i t u a t i o n  a llo w s  e q u a t io n  2 ,1 9  t o  b e  u se d  t o  c a l c u l a t e  th e  g a in  o f 
t h e  sy s te m  and th e  p o p u la t io n  in v e r s io n  a s  shown i n  t h e  a f te r g lo w  p e r io d  
i n  F ig u re  6 ,11  ( a ) .  T h is  i n  t u r n  e n a b le s  v a lu e s  f o r  ;R -  AN to  b e  o b ta in e d , 
H ow ever, t h e  d e - e x c i t a t i o n  AN i s  fo u n d  to  be  n e g l i g i b l e  and so  
a p p ro x im a te  v a lu e s  o f  R have  b een  c a lc u la t e d  and a r e  p l o t t e d  i n  
F ig u re  6 , 1 1 ( b ) .  F o r an  i n d i c a t i o n  o f  w h e th e r  th e s e  pum ping r a t e s  a r e  
s u f f i c i e n t  t o  p ro d u c e  a  Q—sw itc h e d  o u tp u t  i n  th e  l im i t e d  p e r io d  i n  w hich  
th e  g a in  p r o f i l e  i s  s c a n n e d , f u r t h e r  r e f e r e n c e  i s  made t o  th e  n u m e r ic a l
-1 3 7 -
5.52
5.50
5.48
5.46
5.44
5.42
5.40
3.52
uncertainty
3.50
3.48
3.46
time
'  ya20 50
•  R cm"
■ KlO* 4 KlO^ *
u n ce rta in ty
2 -
4010 5020 30
Cb)
time 
ya
Figure 6 .11. (a) Gain and population Inversion and (b) pump rate,
against time after threshold Inversion for the 
afterglow of a discharge In 1 torr of a methane- 
nitrogen mixture In the 15 cm diameter laser
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c a l c u l a t i o n s  d e s c r ib e d  in  C h a p te r  F o u r . The p h o to n  d e n s i ty  $ in  th e  
c a v i ty  a f t e r  a  f a s t  Q—s w itc h  was c a l c u la t e d  f o r  a  ra n g e  o f pump r a t e s .
The tim e  ta k e n  to  a t t a i n  th e  maximum r a t e  o f  in c r e a s e  in  0 , w hich  o c c u rs  
in  th e  p e r io d  d e n o te d  by in  s e c t i o n  .2 .7 ,  i s  p l o t t e d  a g a in s t  pump 
r a t e  i n  F ig u r e  6 .1 2 . I t  i s  c o n s id e re d  m ore in fo r m a t iv e  to  c a l c u l a t e  
t h i s  p a ra m e te r  th a n  th e  r i s e  t im e  o f  th e  p u ls e  w h ich  may be l a r g e  u n d er 
c o n d i t io n s  o f  h ig h  pump r a t e  w h e re a s , in  a  p r a c t i c a l  sy s te m , th e  pump 
r a t e  w ould  n o t  rem a in  c o n s ta n t  and th e  h ig h  Q c o n d i t io n  c o u ld  n o t  be 
m a in ta in e d  o v e r  lo n g  p e r i o d s .  The e x t r a p o la t e d  g ra p h  o f F ig u re  6 .12  
i n d i c a t e s  t h a t  f o r  th e  v a lu e s  o f  pump r a t e  e n c o u n te re d  in  F ig u re  6 .1 1 ( b ) ,  
a  Q -sw itc h e d  o u tp u t  may be  e x p e c te d  to  r e a c h  i t s  m ost r a p i d  r i s e  i n  
a p p ro x im a te ly  se v en  c a v i t y  d e cay  t im e s .
I t  i s  t h e r e f o r e  i n d ic a te d  t h a t  on i n i t i a t i n g  th e  Q -sw itc h  a t  th e  -3  dB
p o in t  o f  th e  g a in  p r o f i l e ,  t h e  p e r io d  t w ould be  re a c h e d  b e f o r e  th eK
d e c a y in g  p la sm a  had sw ept th e  l a s e r  to  th e  p eak  o f th e  p r o f i l e .  T h is  
s u g g e s ts  t h a t  c o n d i t io n s  i n  th e  15 cm d ia m e te r  sy s te m  a re  such  t h a t  
f u r t h e r  i n c r e a s e  i n  pow er may be  o b ta in e d  by a c t i v e  Q -sw itc h in g .
6 .5 .  D is c u s s io n
The e x p e r im e n ts  d e s c r ib e d  in  s e c t i o n  5 .6  showed p u ls e d  i o n i s a t i o n  o f 
th e  s id e  arm  o f  a l a s e r  b u i l t  i n  th e  M ic h e lso n  c o n f ig u r a t io n  to  be th e  
m ost s u c c e s s f u l  o f  th e  Q -s w itc h in g  te c h n iq u e s  i n v e s t i g a t e d .  The l e a s t  
i n s e r t i o n  l o s s  was in t r o d u c e d  i n t o  th e  c a v i ty  by t h i s  m ethod and th e  
f a s t e s t  r i s i n g  p u ls e s  w ere  p ro d u c e d  w h ich  p ro v id e  c o n f irm a tio n  o f th e  
t h e o r e t i c a l  a n a ly s i s  o f C h a p te r  F o u r . H ow ever, t o  g e n e ra te  h ig h  i n t e n s i t y  
r a d i a t i o n  fro m  th e  HCN l a s e r ,  th e  Q -s w itc h in g  te c h n iq u e  m ust be  a p p lie d  
t o  a  p u l s e - e x c i t e d  sy s te m . To do t h i s ,  th e  v i b r a t i o n  o f th e  beam s p l i t t e r  
in c u r r e d  i n  th e  p r e s e n t  w ork m ust be e l im in a te d  by u s in g  a  r i g i d  
m a t e r i a l .  The o b s e r v a t io n s  r e p o r t e d  in  s e q t io n  5 .3 .2  showed t h a t  much 
h ig h e r  pow ers can  be p ro d u ce d  by  i n c r e a s in g  th e  d ia m e te r  o f th e  c a v i ty ;  
t h e r e f o r e ,  o f  th e  two sy s te m s  i n v e s t i g a t e d ,  th e  g r e a t e s t  p o t e n t i a l  f o r  
p ro d u c in g  h ig h  peak  i n t e n s i t y  w ould be to  a p p ly  th e  Q -sw itc h in g  te c h n iq u e  
to  th e  15 cm d ia m e te r  l a s e r .
The a n a ly s i s  i n  t h i s  c h a p te r  i n d ic a te d  t h a t  h ig h e r  p u ls e d  pow ers may be 
g e n e ra te d  i n  th e  w id e r  l a s e r  by  a  s u f f i c i e n t l y  f a s t  Qr-sw itch p ro v id e d  
s u i t a b l e  c o n d i t io n s  e x i s t  i n  th e  c a v i t y .  W ith  th e  M ich e lso n  s w itc h in g  
te c h n iq u e ,  th e  pum ping a c t i o n  may in c r e a s e  th e  p o p u la t io n  in v e r s io n  
w h ile  th e  o u tp u t  c o u p lin g  re m a in s  z e r o ,  b u t  th e  f i e l d  w i l l  o n ly  b u i ld  
up when th e  c a v i ty  i s  sw ept th ro u g h  a  g a in  p r o f i l e .  I t  i s  t h e r e f o r e
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e s s e n t i a l  to  a r r a n g e  f o r  th e  m a g n itu d e  o f  th e  c u r r e n t  p u ls e  to  g iv e  
th e  c o r r e c t  p h a se  c o n d i t io n  a t  th e  tim e  t h a t  l a s e r  a c t i o n  w ould 
commence i n  an  u n m o d u la ted  c a v i t y .  F ig u re s  5 .8 ( c )  and 5 .8 ( d )  
d e m o n s tra te d  t h a t  th e  w rong i o n i s i n g  c u r r e n t  r e d u c e s  th e  tim e  a v a i l a b l e  
f o r  b o th  th e  i n t e r n a l  w a v e f ro n t t o  b u i ld  up and f o r  th e  s w itc h in g  a c t i o n  
to  be  c o m p le te d . The seco n d  p a ra m e te r  n o te d  a b o v e , th e  p o p u la t io n  
i n v e r s i o n ,  w ould  a l s o  r e q u i r e  o p t im is a t io n  f o r  s u c c e s s f u l  Q -s w itc h in g . 
F ig u re s  6 .5  and 6 .1 1 (b )  show th e  pum ping r a t e  t o  be g r e a t e r  th a n  th e  
o v e r a l l  r e c o m b in a t io n  r a t e  and so  i t  i s  e v id e n t  t h a t  th e  pum ping 
m echanism  i s  n o t  a s  s im p le  a s  s u g g e s te d  i n  C h a p te r  F o u r . I t  i s  r e c a l l e d  
t h a t  w i th  th e  7 .6  cm d ia m e te r  l a s e r ,  th e  m ain  c u r r e n t  p u l s e  c o u ld  b e  so  
l a r g e  t h a t  th e  s t im u la te d  e m is s io n  was i n h i b i t e d  and t h a t  l i t t l e  o r  no 
l a s e r  a c t i o n  o c c u r re d  when th e  p lasm a  d e n s i t y  decay ed  to  a  low er v a lu e ,  
ev en  th o u g h  e m is s io n  to o k  p l a c e  a t  a  s i m i l a r  d e n s i ty  on th e  r a p id  
s u c c e s s io n  o f  r e c h a r g in g  c u r r e n t  p u l s e s .  An e x p la n a t io n  i s  p u t  fo rw a rd  
by  p ro p o s in g  t h a t  th e  m o le c u la r  h y d ro g en  w h ich  e x c i t e s  th e  HCN m o le c u le s ,  
a s  d e s c r ib e d  by  S c h ü tza u  and K neub tih l^^ , i s  i t s e l f  d e - e x c i t e d  d u r in g  
th e  a f t e r g lo w .  Optimum c o n d i t io n s  a r e  t h e r e f o r e  found  by a d j u s t i n g  th e  
m a g n itu d e  o f  th e  c u r r e n t  p u l s e  and th e  p u ls e  r e p e t i t i o n  f re q u e n c y  w hich  
a t  a  f i x e d  g a s  f lo w  r a t e  w i l l  d e te rm in e  th e  l e v e l  t o  w h ich  th e  h y d ro g en  
b u i ld s  u p . The d e p en d en ce  o f  th e  o u tp u t  on b o th  th e s e  p a ra m e te rs  i s  
d e m o n s tra te d  by th e  m easu rem en ts  d i s p la y e d  i n  F ig u re  5 .1 0 .
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CHAPTER SEVEN 
SUBMILLIMETRE DETECTION
7 .1 .  I n t r o d u c t i o n
T h roughou t th e  p r e s e n t  w o rk , th e  l a s e r  r a d i a t i o n  was d e te c te d  w ith  a  
G olay  c e l l  and w i th  a n te n n a  p o i n t - c o n ta c t  d io d e s .  A G olay c e l l  was 
u se d  b e c a u se  o f  i t s  r e l i a b i l i t y  and h ig h  s e n s i t i v i t y ,  b u t  i t s  u s e f u ln e s s  
was l im i t e d  by i t s  s lo w  re s p o n s e  t im e . P u ls e s  o f  r a d i a t i o n  w ere 
o b se rv e d  u s in g  a n te n n a  p o i n t - c o n ta c t  d io d e  d e t e c t o r s  b e c a u se  o f  t h e i r  
f a s t  r e s p o n s e .  As s t a t e d  i n  C h a p te r  One, an  i n v e s t i g a t i o n  was u n d e r ta k e n  
to  e n d e av o u r t o  in ç ro v e  th e  s e n s i t i v i t y  o f  th e s e  d io d e  d e t e c t o r s .  A 
t h e o r e t i c a l  m odel o f  th e  d io d e  j u n c t io n  was d e v e lo p e d  from  c o n tin u e d  
j o i n t  d i s c u s s io n s  w i th  M r. N ic h o la s  C h a n d le r  o f t h i s  d e p a r tm e n t . F o r  
th e  e x p e r im e n ta l  w ork , th e  f a b r i c a t i o n  o f  p la n e  m e ta l  e l e c t r o d e s  and th e  
m easu rem en ts  o f  w ork f u n c t io n s  w ere  a l s o  c a r r i e d  o u t  by Mr. C h a n d le r .
7 .2 .  D e te c to r  p a ra m e te rs
I n  th e  fo l lo w in g  d i s c u s s i o n ,  t h r e e  q u a n t i t i e s  w i l l  be u se d  to  d e s c r ib e  
th e  p e rfo rm a n c e  o f  th e  d e t e c t o r s :
( i )  th e  v o l ta g e  r e s p o n s i v i t y ,  y  = —  , w here  a  change in  
r a d i a t i o n  pow er AP, a t  th e  d e t e c t o r  p ro d u c e s  a
c o r re s p o n d in g  change i n  th e  o u tp u t  v o l t a g e  AV, from  th e  
d e t e c t o r ;
( i i )  th e  n o is e  e q u iv a le n t  pow er ( n . e . p . ) ,  d e f in e d  a s  th e  amount o f
r a d i a t i o n  pow er n e c e s s a r y  t o  p ro d u c e  an  o u tp u t  from  th e  d e t e c to r
e q u a l  t o  th e  r o o t  mean s q u a re  o f  th e  n o i s e  o u tp u t  v o l t a g e ;
( i i i )  th e  r e s p o n s e  tim e  t ^ ,  d e f in e d  a s  th e  p e r io d  in  w h ich  an  o u tp u t
fro m  a  d e t e c t o r ,  p ro d u c e d  b y  a  s te p  change i n  th e  in p u t
r a d i a t i o n  i n t e n s i t y ,  r i s e s  from  0 .1  t o  0 .9  o f  th e  p e a k  o u tp u t .
T h is  i s  l im i t e d  by  th e  b a n d w id th  B o f  th e  d e t e c to r  and o u tp u t
c i r c u i t  su ch  t h a t  t  = 0 .3 5 / ^ .r  '  B
7 .3 .  The G olay  c e l l
The G o lay  c e l l  re s p o n d s  t o  a  change i n  i n f r a - r e d  r a d i a t i o n  in c i d e n t  on 
a  t h i n  a b s o rb in g  f i l m .  The g a s  i n  c o n ta c t  w i th  th e  f i l m  i s  h e a te d  and 
in c r e a s e s  i n  p r e s s u r e .  The r i s e  i n  p r e s s u r e  d i s t o r t s  th e  c e l l  c o n ta in in g  
th e  g a s ,  w h ich  i n  t u r n  ch an g es  th e  g e o m etry  o f  an  o p t i c a l  sy s te m , p a r t  
o f  w h ich  i s  i n  c o n ta c t  w i th  th e  c e l l ,  s u b s e q u e n t ly  a l t e r i n g  th e  i n t e n s i t y  
o f  o p t i c a l  r a d i a t i o n  i n c i d e n t  on a  p h o t o c e l l .  The o u tp u t  from  th e
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d e te c to r  i s  d e r iv e d  from  t h i s  p h o t o c e l l .  A r e s u l t  o f  th e  m e c h a n ic a l  
n a tu r e  o f th e  G o lay  c e l l  i s  i t s  s low  r e s p o n s e .  The tim e  w hich  e la p s e s  
from  th e  i n i t i a l  change  i n  i n t e n s i t y  o f th e  in c id e n t  r a d i a t i o n  t o  th e  
p eak  o f  th e  o u tp u t  from  a  com m erc ia l d e t e c t o r  i s  n o m in a lly  30 ms^Z. 
R e la x a t io n  o f  th e  p n e u m a tic  c e l l ,  by  a  s low  le a k a g e  o f g as  to  a 
r e s e r v o i r  on th e  o th e r  s id e  o f th e  m ir r o r  m em brane, h a s  a  re c o v e ry  
p e r io d  o f  a p p ro x im a te ly  1 .5  s e c o n d s . T hese l a r g e  re s p o n s e  and re c o v e ry  
tim e s  c a u se  th e  r e s p o n s i v i t y  t o  v a r y  w i th  th e  m o d u la tio n  f re q u e n c y  o f 
th e  i n c i d e n t  r a d i a t i o n .  A t optim um  m o d u la tio n  f r e q u e n c ie s ,  th e  
r e s p o n s i v i t y  o f  th e  c e l l^ Z  i s  u s u a l l y  b e tw een  10^ and 10^ v o l t s  p e r  w a t t  
and i s  a p p ro x im a te ly  l i n e a r  up t o  10^ t im e s  th e  r o o t  mean s q u a re  n o is e  
l e v e l .
7 .4 .  A n tenna  p o i n t - c o n t a c t  d io d e  d e t e c t o r s
E ver s in c e  Happ e t  a l . ^  d e m o n s tra te d  th e  a b i l i t y  o f th e  p o i n t - c o n ta c t  
d io d e  to  d e t e c t  s u b m i l l im e t r e  w a v e s , th e s e  d e te c to r s  hav e  b een  form ed 
by b r in g in g  a  f i n e  p o in te d  tu n g s te n  w h is k e r  i n to  c o n ta c t  w i th  a  m e ta l  
o r  se m ic o n d u c to r  b a s e .  The w h is k e r ,  when p la c e d  i n  an  e le c tr o m a g n e t ic  
f i e l d ,  a c t s  a s  a  t r a v e l l i n g  wave a n te n n a  and r e c t i f i c a t i o n  o f  th e  
in d u ced  c u r r e n t  o c c u rs  a t  th e  j u n c t i o n  o f  th e  w h is k e r  and th e  b a s e .  
M a ta r re s e  and E vensongs d e m o n s tra te d  t h a t  lo n g -w ire  a n te n n a  th e o r y  i s  
a p p l i c a b le  to  th e  w h is k e r ,  w h ich  in  p r a c t i c e  i s  many w a v e le n g th s  lo n g , 
and t h a t  a s  a  c o n seq u e n c e  t h e r e  e x i s t s  an  optimum a n g le  be tw een  th e  
a n te n n a  and th e  r a d i a t i o n  f o r  c o u p lin g  power i n t o  th e  d e t e c t o r .  G reen 
e t  a l.7 » G 4  showed t h a t  r e c t i f i c a t i o n  a t  a  j u n c t io n  w i th  a  m e ta l  b a se  
c a n , t o  some e x t e n t ,  be  e x p la in e d  by c o n s id e r in g  e l e c t r o n s  t o  tu n n e l  
th ro u g h  a  m e t a l - i n s u l a t o r - m e t a l  b a r r i e r .  F u r th e r  i n v e s t i g a t i o n s  w ere 
p e rfo rm e d  on tu n g s te n  t o  n -d o p ed  se m ic o n d u c to r  d io d e s  by  Payne and 
P rew er^^  and b y  B e c k lak e  e t  a l .^ G  who o b ta in e d  t h e i r  b e s t  r e s u l t s  from  
a  tu n g s te n  w h is k e r  and n - ty p e  germ anium  b a s e .  They a l s o  showed t h a t  a  
S c h o ttk y  b a r r i e r  c o u ld  b e  u s e d  i n  th e  s u b m il l im e tre  r e g io n .  E venson e t  
a i . 6 7 , 6 8  o b ta in e d  h ig h e r  r e s p o n s i v i t i e s  from  d e t e c to r s  m ounted i n  f r e e  
sp a c e  r a t h e r  th a n  c a v i t y  m ounted d io d e s  a s  u se d  by  Payne and P re w e r, 
and B eck lak e  e t  a l .
7 .4 . 1 .  C i r c u i t  th e o r y  o f  p o i n t - c o n t a c t  j u n c t io n s
The c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  o f  a  d io d e  c a n  b e  e x p re s s e d  a s  a  
g e n e ra l  p o ly n o m ia l
I  -  aV + bV^ + cV3 + . . .  . . . ( 7 . 1 )
w here 1 i s  th e  c u r r e n t  i n  t h e  d io d e  c o rre s p o n d in g  to  a  v o l ta g e  V a c ro s s
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th e  j u n c t i o n  and a ,  b and c a r e  c o n s ta n t s .  Green®** showed t h a t  th e  
c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  o f  a  m e ta l - o x id e - m e ta l  (M-OM) d io d e  i s  
n e a r ly  l i n e a r ,  so  V a  can  be u sed  a s  a  good a p p ro x im a tio n  to  th e  
r e s i s t a n c e  R o f  th e  j u n c t i o n .  H ence, f o r  a  low pow er l e v e l  P o f  a n g u la r  
f re q u e n c y  w c o u p le d  i n t o  th e  j u n c t i o n ,  th e  v o l t a g e  a c ro s s  th e  d io d e  can  
be  a p p ro x im a te d  to
■l?l‘V = (2PR)^ s i n  mt = I— I s i n  wt . . . ( 7 . 2 )
I n s e r t i n g  7 .2  i n t o  7 ,1 ,  a  d . c .  com ponent o f  th e  c u r r e n t  i s  o b ta in e d  as
I d c  = & - P
The d . c .  com ponent o f  th e  v o l ta g e  d e te c te d  a c ro s s  th e  d io d e  i s  t h e r e f o r e
V  °  i d c *  = " I T  = p
so  th e  v o l t a g e  r e s p o n s i v i t y  i s
Y = “  v o l t s  . w a t t ”  ^ . . . ( 7 . 3 )a  2
A u s e f u l  p a ra m e te r  f o r  d e s c r ib in g  th e  r e c t i f i c a t i o n  o f  a  d io d e  i s  th e  
r e c t i f i c a t i o n  r a t i o ,  d e f in e d  a s
n(V) = I I ( v ) / i (_ v )  I
, . (g v i .b v i t c v 3) . . . ( 7 . 4 )
(aV -  bV^ + cV3)
w h ic h , f o r  a  n e a r l y  l i n e a r  I-V  c h a r a c t e r i s t i c ,  c a n  be  w r i t t e n  a s  
n (v )  = , + ^
Hence 7 .3  g iv e s  th e  r e l a t i o n s h i p
Y -  {—}R = { [n (v )  -  l]  v o l t s  . w a t t" ^  . . . ( 7 . 5 )a
The r e s p o n s e  t im e  o f  an  i s o l a t e d  b a r r i e r  h a s  b e e n  q u o ted  by  B eck lak e  
e t  al.®® to  b e  i n  th e  p ic o s e c o n d  r e g io n  f o r  m e ta l- s e m ic o n d u c to r  j u n c t io n s  
and o f  t h e  o r d e r  o f  10“ ^® se co n d s  f o r  m e t a l - i n s u l a to r - m e ta l  d io d e s  by 
Hartm an® ^. B o th  ty p e s  o f  b a r r i e r  a r e  t h e r e f o r e  c a p a b le  o f  o p e r a t in g  a t  
f a r  i n f r a - r e d  f r e q u e n c ie s .  The l i m i t i n g  f a c t o r s  i n  a  p r a c t i c a l  d e v ic e  
a r e  th e  c a p a c i ta n c e  and r e s i s t a n c e s  in v o lv e d .
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F i g u r e  7 . 1 .  E q u i v a l e n t  c i r c u i t  o f  a p o i n t - c o n t a c t  d i o d e .
B a r r i e r  c a p a c i t a n c e  C g, b a r r i e r  r e s i s t a n c e  R g,  
s p r e a d i n g  r e s i s t a n c e  Rg
F ig u re  7 .1  shows a  p a s s iv e  e q u iv a l e n t  c i r c u i t  o f  a  d io d e  w here th e  
d i e l e c t r i c  b a r r i e r  h a s  a  c a p a c i ta n c e  Cg and r e s i s t a n c e  Rg, i n  s e r i e s  
w i th  a  p a r a s i t i ç  s p re a d in g  r e s i s t a n c e  Rg, I n  a d d i t io n  to  th e  r e s i s t a n c e  
o f  th e  a n te n n a  and any  c o n ta c t s  in v o lv e d  w i th  th e  c o n s t r u c t io n  o f th e  
d e t e c t o r ,  th e  s p re a d in g  r e s i s t a n c e  r e p r e s e n t s  th e  r e s i s t a n c e  e n c o u n te re d  
a s  th e  c u r r e n t  moves away fro m  th e  j u n c t io n  and i n t o  th e  b u lk  o f th e  
s u b s t r a t e ;  a  te rm  p a r t i c u l a r l y  im p o r ta n t  when c o n s id e r in g  se m ic o n d u c to r  
d e v ic e s .  To o b ta in  an  e x p r e s s io n  f o r  th e  p e rfo rm a n c e  o f a  d io d e ,  i t  i s  
assum ed t h a t  p a r t  o f  t h e  pow er t r a n s f e r r e d  to  th e  d e v ic e  i s  a b so rb e d  
i n  th e  n o n - l i n e a r  r e s i s t a n c e  R g, and p a r t  i n  th e  s p re a d in g  r e s i s t a n c e .
I f  Pgp r e p r e s e n t s  th e  t o t a l  pow er d i s s i p a t e d  and Pg i s  th e  power ab so rb e d  
by  Rg, th e n  a n a ly s i s  o f  th e  c i r c u i t  i n  F ig u re  7 .1  y i e l d s
B
*RF
' • Ï
1 + W s
. . . ( 7 . 6 )
w here th e  - 3  dB p o i n t ,  o f t e n  r e f e r r e d  t o  a s  th e  c o rn e r  f r e q u e n c y , i s  
e x p re s s e d  a s
[h h Y
. . . ( 7 . 7 )
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T hese r e l a t i o n s h i p s  show t h a t  f o r  h ig h  f re q u e n c y  re s p o n s e  b o th  th e  
b a r r i e r  c a p a c i ta n c e  and th e  s p re a d in g  r e s i s t a n c e  m ust be k e p t  a s  low 
a s  i s  p o s s i b l e .  B e c k lak e  e t  a l.^ O  have  g iv e n  a  v a lu e  o f th e  c o rn e r  
f re q u e n c y  p o i n t - c o n t a c t  s e m ic o n d u c to r  d e v ic e s  a s  ~150 GHz. F o r f a s t e r  
r e s p o n s e  th e  s e m ic o n d u c to r  s h o u ld  be  r e p la c e d  by a  m e ta l .
7 . 4 . 2 .  T u n n e l and e l e c t r i c  f i e l d  e m is s io n  i n  M-O-M ju n c t io n s
The s im p le  p o t e n t i a l  d i s t r i b u t i o n  be tw een  two p l a n e - p a r a l l e l  m e ta l  
s u r f a c e s  s e p a r a te d  by a  t h i n  i n s u l a t i n g  m a t e r i a l  can  be  r e p r e s e n te d  
d ia g r a m m a tic a l ly  a s  i n  F ig u re  7 .2 ( a ) .  Two m e ta ls  w ith  w ork f u n c t io n s  
and ^ 2 , F e rm i l e v e l s  m  and  ri2 and s e p a r a te d  by a  d i s t a n c e  S , c r e a te  
a  p o t e n t i a l  b a r r i e r  i n  th e  d i e l e c t r i c  medium o f  h e ig h t  C (x ) . The b a r r i e r  
can  be e x p re s s e d  a s  <J>(x) above th e  F erm i l e v e l ,  w i th  v a lu e s  and ^2  
a t  th e  m e t a l - i n s u l a t o r  i n t e r f a c e s .  An asy m m etric  b a r r i e r  p o t e n t i a l  
o f  t h i s  k in d  c a n  be  assum ed t o  r e p r e s e n t  m ost p r a c t i c a l  c o n f i g u r a t io n s .
A sy m m etric  j u n c t i o n  i s  d i f f i c u l t  to  f a b r i c a t e  even  w i th  s im i l a r  m e ta ls
C u r re n t  c a n  f lo w  th ro u g h  a  M-O-M j u n c t io n  by e l e c t r o n i c  t u n n e l l i n g .
I f  th e  e l e c t r o n s  i n  th e  e l e c t r o d e s  h av e  s u f f i c i e n t  th e rm a l  e n e rg y , th e y  
cam su rm oun t th e  s u r f a c e  b a r r i e r  and f lo w  i n  th e  c o n d u c tio n  band o f  th e  
o x id e .  Simmons^^»^^ h a s  exam ined  th e s e  p r o c e s s e s  f o r  a  p a r a l l e l  
m e t a l - d i e l e c t r i c - m e t a l  s t r u c t u r e  w h i le  t a k in g  i n t o  a c c o u n t th e  im age 
f o r c e s  p r e s e n t  w i th in  th e  i n s u l a t o r .  T hese  f o r c e s  a r i s e  b e c a u s e  
e l e c t r o n s  a p p ro a c h in g  an  e l e c t r o d e  p o l a r i s é  th e  m e ta l  s u r f a c e  and c r e a t e  
an  a t t r a c t i v e  f o r c e  b e tw een  th e  e l e c t r o n  and e l e c t r o d e .  The p o t e n t i a l  
o f  th e  e l e c t r o n  r e s u l t i n g  fro m  t h i s  im age f o r c e  r e q u i r e s  t h a t  th e  h e ig h t  
o f  th e  p o t e n t i a l  b a r r i e r  i s  no  lo n g e r  th e  v a lu e  r e p r e s e n te d  by  $ (x )  i n  
F ig u re  7 . 2 ( a ) ,  b u t  m ore a c c u r a t e l y  i l l u s t r a t e d  by  th e  sm o o th ly  ch an g in g  
c u rv e  o f  F ig u re  7 .2 ( b ) .
E le c t r o n  t u n n e l l i n g  o c c u rs  b e c a u s e  e l e c t r o n s  o f  e n e rg y  have  a  f i n i t e  
p r o b a b i l i t y  D(E ) o f  p e n e t r a t i n g  a  p o t e n t i a l  b a r r i e r  Ç(x) w hereX
S2
— i r
D(E ) = exp (2m)* j { S (x ) -  } dx
th u s  p ro d u c in g  an  e l e c t r o n  c u r r e n t  d e n s i ty  o f
- rD (E^)N (E^)dE^
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Fermi le v e l
in su la to rm etal I m etal 2
(a)
m etal 1 in su la to r
Fermi le v e l
m etal 2
(b)
Figure 7 .2 . Energy diagram of potential barrier between dissim ilar 
electrodes (a) ignoring image forcés, and fb) with image 
forces taken into account. After Siraroons^ .^
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N(E ) b e in g  th e  e l e c t r o n  su p p ly  f u n c t i o n ,  h  P l a n c k 's  c o n s ta n t ,  andX
m th e  m ass o f an e l e c t r o n .
For th e  c a se  o f  n e g a t iv e  b i a s  a p p l ie d  to  th e  e l e c t r o d e  o f  low er work 
f u n c t i o n ,  S i m m o n s h a s  c a l c u l a t e d  th e  n e t t  tu n n e l  c u r r e n t  d e n s i ty  
f lo w in g  from  t h i s  e l e c t r o d e  to  be
J l  = Jo 
i n  w h ich
1 exp{-AiJ)i -  {(j) 1 + eV} ex p { -A [^ i + e v ]^ } j . . . ( 7 . 8 )
*1 = *1 + " •^ 2 s -  eV} -  log^ j-^ ) ^  _ o K  I . . . ( 7 . 9 )
w here
and
[3^1 + 4X -  {eV -  Aÿ}] [^2, "■
S2 = S -  -  . . . ( 7 . 1 1 )
P>2 ~ eV]
S% and $2 a r e  e x p re s s e d  f o r  a  ra n g e  o f  b i a s  V a p p l ie d  to  th e  b a r r i e r  
w here  0 < eV $ AY, e b e in g  th e  c h a rg e  on th e  e l e c t r o n  and AY th e  
d i f f e r e n c e  i n  th e  v a lu e s  o f  th e  w ork f u n c t io n s  o f  th e  two m e ta l  s u r f a c e s  
su c h  t h a t
AY = 4>2 "  "f* 1 = Y2 -  Yi
W ith  th e  e l e c t r o d e  o f  h ig h e r  w ork f u n c t i o n  n e g a t iv e ly  b i a s e d ,  th e  n e t t  
tu n n e l  c u r r e n t  d e n s i t y  f lo w in g  from  t h i s  e l e c t r o d e  t o  t h a t  o f  low er work 
f u n c t i o n  i s
J 2 = J o |^ 2  exp{-A4)2^} -  {<J>2 + eV} exp{-A |j)2  + ev] . . . ( 7 . 1 2 )
w here
I" • *') - |4 P |
S% and S2 a r e  e x p re s s e d  f o r  th e  c o n d i t io n  eV a s
S j .  . . . ( 7 . 1 4 )
1 *2
and
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® “  0 * 2  + 4A -  2{eV + Aï Q ^ . . . ( 7 . 1 5 )
In  e a c h  o f  th e  r e l a t i o n s h i p s  f o r  J i  and J 2 , AS i s  w r i t t e n  i n  te rm s  o f 
th e  r e s p e c t i v e  v a lu e s  o f  Sj and S2 a s
AS = S2 “  S i
S i and S2 b e in g  th e  l i m i t s  o f  th e  b a r r i e r  a t  th e  F erm i l e v e l . Jg  and 
A a r e  e x p re s s e d  f o r  e a c h  o f  th e  b i a s  c o n d i t io n s  a s  f u n c t io n s  o f  th e  
a p p r o p r i a t e  v a lu e  f o r  AS a s
Jo = {2-iïh . AS%} 
and
A = {2m}*h
i s  g iv e n  by
{e^ lo g  2}
X = SirRegS
K i s  t h e  d i e l e c t r i c  c o n s ta n t  o f  th e  i n s u l a t i n g  l a y e r  and eg th e  
p e r m i t t i v i t y  o f  f r e e  s p a c e .
A seco n d  m echan ism , th e rm a l  e m is s io n , h a s  a l s o  b een  i n v e s t i g a t e d  by 
Sinnnons^^ u s in g  th e  R ichardson-D ushm an  e q u a t io n
w here  k  i s  B o ltz m a n n 's  c o n s t a n t ,  A  i s  th e  R ichardson-D ushm an  c o n s ta n t  
and T i s  t h e  a b s o lu t e  t e m p e ra tu re .  A  i s  e x p re s s e d  a s
A  = Airme —0-
A gain  t a k in g  i n t o  a c c o u n t  im age f o r c e s ,  Simmons u se d  th e  R ic h a rd s o n -  
Dushman e q u a t io n  t o  o b t a in  e q u a t io n s  f o r  c u r r e n t  d e n s i t y  a s
K
. . . ( 7 . 1 6 )
' { 1 4 . 4 [ 7  + KS{AY -  e V } ] }  
J l  = A T ^  e x p  I - --^ — -^^1 ex p  I-----------------^ --------------
f o r  th e  r a n g e  0 ^ V $ when th e  e l e c t r o d e  o f  low er w ork f u n c t io n
i s  n e g a t i v e l y  b i a s e d ,  and
-1 4 9 -
j
% ■ r  1 - % »  ; . . . ( 7 . 1 7 )
when th e  e l e c t r o d e  o f h ig h e r  work f u n c t io n  i s  n e g a t iv e ly  b i a s e d .  B oth 
e q u a t io n s  w ere d e r iv e d  f o r  th e  c o n d i t io n  (e V )/(k T )  > 2 ,
N u m e ric a l v a lu e s  f o r  c u r r e n t  d e n s i t y  p r e d i c t e d  by  e q u a tio n s  7 .8 ,  7 .1 2 ,
7 .1 6  and 7 .1 7  have  b e e n  c a l c u l a t e d  by  S i m m o n s a n d  co m p ariso n  made of 
th e  tu n n e l  and th e rm a l  e f f e c t s .  F ig u re  7 .3 ( a )  shows th e  c u r r e n t  d e n s i ty  
J ,  th ro u g h  a  M-O-M b a r r i e r ,  p l o t t e d  a g a in s t  a p p l ie d  v o l ta g e  V, f o r  an  
e l e c t r o d e  s p a c in g  o f S = 40 £ ,  and an  i n s u l a t i n g  l a y e r  o f  d i e l e c t r i c  
c o n s ta n t  K = 3 . R e p r e s e n t in g  th e  J -V  c u rv e s  by  d o t te d  l i n e s  when th e  
e l e c t r o d e  o f  low er w ork f u n c t i o n  i s  p o s i t i v e l y  b ia s e d  and by  c o n tin u o u s  
l i n e s  when th e  same e l e c t r o d e  i s  n e g a t i v e l y  b i a s e d ,  th e n  f o r  4»i = 1 eV 
c u rv e s  1 (a )  and 1 (b ) a r e  th e  c h a r a c t e r i s t i c s  f o r  ~ I .5  eV and c u rv e s  
2 (a )  and 2 (b )  f o r  ^2 ~ 2 eV. T h e rm io n ic  J-V  c h a r a c t e r i s t i c s  a t  300°K 
w ith  th e  e l e c t r o d e  o f  lo w er w ork f u n c t io n  n e g a t iv e ly  b i a s e d ,  a r e  
r e p r e s e n te d  by c u rv e s  1 (c )  and  2 (c )  f o r  ^2  ~ % .5  eV and <J>2 = 2 eV 
r e s p e c t i v e l y ;  a g a in  = 1 eV i n  b o th  c a s e s .  The th e rm a l c h a r a c t e r i s t i c s  
f o r  th e  c a s e  o f th e  e l e c t r o d e  o f  lo w er w ork f u n c t io n  b e in g  p o s i t i v e l y  
b ia s e d  a r e  n e g l i g i b l e  when com pared to  th e  v a lu e s  o f  c u rv e s  1 (c )  and 
2 (c )  and a r e  n o t  p l o t t e d .  F ig u r e  7 .3 ( a )  shows a  s i t u a t i o n  w here th e  
th e rm io n ic  c u r r e n t  i s  s m a ll  when com pared to  th e  tu n n e l  c u r r e n t .
How ever, by  i n c r e a s in g  th e  e l e c t r o d e  s p a c in g  t o  50 X, F ig u re  7 .3 ( b )  
shows t h a t  c e r t a i n  b i a s  c o n d i t io n s  e x i s t  i n  w h ich  th e  th e rm a l  c u r r e n t  i s  
th e  l a r g e r  o f th e  tw o . The o b s e r v a t io n  t h a t  th e  dom inan t m echanism  in  
an  M-O-M b a r r i e r  c a n  chan g e  w i t h  th e  th ic k n e s s  o f  th e  i n s u l a t i n g  l a y e r  
i s  im p o r ta n t  when c o n s id e r in g  a  p r a c t i c a l  w h is k e r -d io d e  d e t e c t o r .  The 
f o r c e  on t h e  tu n g s te n  w i r e  i n  c o n ta c t  w i th  an  o x id e  l a y e r  on a  
c o n d u c tin g  s u b s t r a t e  i s  in c r e a s e d  u n t i l  s u f f i c i e n t  r e c t i f i c a t i o n  i s  
o b s e rv e d . I n  t h i s  s i t u a t i o n ,  th e  tu n g s te n  w h is k e r  c a n  be c o n s id e re d  to  
gouge i n t o  t h e  o x id e ,  d e c r e a s in g  th e  m e ta l  t o  m e ta l  s p a c in g . F ig u re s  
7 .3 ( a )  and  7 .3 ( b )  a l s o  show t h a t  a t  th e  low er v o l t a g e s ,  th e  fo rw a rd  
d i r e c t i o n  o f  r e c t i f i c a t i o n  o f  th e  tu n n e l  c u r r e n t  o c c u rs  when th e  
e l e c t r o d e  o f  low er w ork f u n c t i o n  i s  p o s i t i v e l y  b i a s e d ,  i d i i l e  th e  fo rw a rd  
d i r e c t i o n  f o r  th e  th e rm a l  c u r r e n t  i s  p ro d u ced  by  n e g a t iv e ly  b i a s i n g  
t h i s  e l e c t r o d e .  The two f i g u r e s  t h e r e f o r e  i n d i c a t e  t h a t  a s  a  w h isk e r  
i s  f o rc e d  i n t o  th e  d i e l e c t r i c ,  b o th  th e  d e g re e  o f  r e c t i f i c a t i o n  and th e  
p o l a r i t y  a r e  e x p e c te d  t o  v a r y  a s  t h e  s i t u a t i o n  changes fro m  a  r e g io n  
w here t h e  th e rm io n ic  c u r r e n t  i s  do m in an t t o  one i n  w h ich  th e  tu n n e l  
c u r r e n t  i s  d o m in a n t. I t  i s  a l s o  s e e n  t h a t  c r o s s - o v e r  p o in t s  e x i s t  f o r  
th e  two s e n s e s  o f  a p p l i e d  b i a s  f o r  th e  t u n n e l  c u r r e n t s .  Thus f o r  a
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Figure 7 .3 . Comparison of thermal and tunnel currents flowing between
plane parallel dissimilar electrodes for (a) S « 40 angstroms 
and (b) S « 50 angstroms. K -  3 and -  1 eV*
For tunnel characteristics l a ,  lb ,  * 1.5 eV and for 
2a, 2b, * 2  " 2.eY. Dotted and fu l l  lin es respectively  
represent the electrode o f lower work function positively  
and negatively biased. For thermionic characteristics at 
300®K, curve Ic , *2  * 1.5 eV and 2 c , *2  * % eV.
After Simmons^®.
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d io d e  o f f ix e d  b a r r i e r  s p a c in g ,  to  w hich  an  i n c r e a s in g  v o l ta g e  i s  a p p l i e d ,  
v a r i a t i o n  and r e v e r s a l  o f  th e  r e c t i f i c a t i o n  may be  e x p e c te d  a s  a  r e s u l t  
o f  e i t h e r  e f f e c t .  A p p lie d  v o l ta g e  i s  shown to  be  a  f u n c t i o n  o f in p u t  
pow er t o  th e  d e t e c t o r  i n  e q u a t io n  7 .2  and e x p e r im e n ta l  e v id e n c e  f o r  
p o l a r i t y  r e v e r s a l  w i th  v a r i a t i o n  i n  in p u t  pow er i s  o b ta in e d  from  th e  
m easu rem en ts  o f  G reen  e t  a l . ^  a t  a  f re q u e n c y  o f 75 GHz w h ich  a re  
re p ro d u c e d  i n  F ig u re  7 .4 .
I n s t a b i l i t y  and p o l a r i t y  r e v e r s a l  i n  p o i n t - c o n t a c t  w h is k e r  d e t e c to r s  h a s  
b e e n  re p o r te d ? » G 4 ,6 5  ^ h i l e  th e  d e v ic e  was s u b je c te d  to  m e c h a n ic a l 
a d ju s tm e n t  o r  v i b r a t i o n  from  th e  e x p e r im e n ta l  e n v iro n m e n t. How ever, 
c o n s i s t e n t  c h a r a c t e r i s t i c s  have b een  o b se rv e d  by  M arh ic  and J a s s b y ? ^  on 
b r in g in g  a  p o in te d  tu n g s te n  w h isk e r  i n t o  c o n ta c t  w i th  an  n - ty p e  germ anium  
c r y s t a l .  The b e s t  o u tp u t  was o b ta in e d  a t  a  low w h isk e r  p r e s s u r e ,  w hich  
th e n  re d u c e d  to  z e r o ,  r e v e r s e d  s ig n  and in c r e a s e d  s lo w ly  a s  th e  p r e s s u r e  
was i n c r e a s e d .  T h is  v a r i a t i o n  in  o u tp u t  c o u ld  be  r e t r a c e d  on r e d u c t io n  
o f th e  w h is k e r  p r e s s u r e .
The o b s e r v a t io n s  o f  M arh ic  and J a s s b y  a r e  n o t  s t r i c t l y  a p p l i c a b l e  t o  M-O-M 
d io d e s  b u t  a r e  s i g n i f i c a n t  b e c a u s e  th e  s e n s i t i v i t y  o f  th e  d e v ic e  on 
i n s e r t i o n  o f  th e  w h is k e r  was r e v e r s i b l e  bn w i th d ra w a l ,  and th e  c y c le  
r e p e a t a b l e .  S im i la r  o b s e r v a t io n s  from  t h e  p r e s e n t  w ork w i l l  be  r e p o r te d  
i n  s e c t i o n  7 .4 .5  on th e  c h a r a c t e r i s t i c s  o f  b o th  M-O-M and m e ta l - o x id e -  
se m ic o h d u c to r  (M-O-S) d io d e s .  T h is  d e m o n s tra te s  t h a t  th e  v a r i a t i o n  o f 
th e  o u tp u t  was n o t  e n t i r e l y  a t t r i b u t a b l e  to  random  ch an g es  i n  w ork 
f u n c t i o n ,  o r  damage to  t h e  o x id e  by l a t e r a l  movem ent o f  th e  w h ic k e r ,  o r  
to  d e fo rm a t io n  o f  t h e  t i p  o f  th e  w h is k e r .  The o b s e r v a t io n s  o f  G reen 
e t  a l . 7 g iv e  some c o n f i r m a t io n  to  th e  M-O-M m odel o f  th e  d e t e c t o r  w hich  
th e  t h e o r e t i c a l  w ork o f  Simmons shows t o  b e  a  s e n s i t i v e  f u n c t i o n  o f th e  
o x id e  t h i c k n e s s .  I t  w i l l  t h e r e f o r e  b e  i n s t r u c t i v e  t o  i n v e s t i g a t e  th e  
e f f e c t  o f  v a r y in g  t h e  th ic k n e s s  o f  t h e  i n s u l a t i n g  b a r r i e r  on th e  
o p e r a t io n  o f  a  p o i n t - c o n t a c t  d io d e .
7 . 4 .3 .  A m odel o f  a  p o i n t - c o n ta c t  j u n c t i o n
The e q u a t io n s  l i s t e d  above t o  d e s c r ib e  e l e c t r o n  f lo w  th ro u g h  an  M-O-M 
j u n c t io n  w ere  d e r iv e d  by Simmons f o r  two p la n e  p a r a l l e l  m e ta l  s u r f a c e s  
s e p a r a te d  by a  d i e l e c t r i c .  Chow^^ h a s  shown t h a t  n o n -u n ifo rm  s p a c in g  
o f  th e  e l e c t r o d e s  c a n  s i g n i f i c a n t l y  a l t e r  th e  c u r r e n t - v o l t a g e  
c h a r a c t e r i s t i c s  o f  a  tu n n e l  d io d e .  F o r t h e  s i t u a t i o n  w here a  p o in te d  
tu n g s te n  w ir e  i s  c o n s id e re d  t o  b u rro w  th ro u g h  a n  o x id e  l a y e r ,  a c c o u n t 
w i l l  now b e  ta k e n  o f t h e  geom etry  o f  t h e  d e v ic e ^ ® .
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Figure 7 .4 . D.C. output voltage against applied r . f .  power at 4 mm 
wavelength from a point-contact diode detector. After 
Green e t  a l.T .
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Figure 7 .5 , The hemispherical tip  of an antenna partially  embedded 
in  the oxidised surface o f a plane electrode
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C o n s id e r  a  f l a t  m e ta l  s u r f a c e  on w h ich  h a s  fo rm ed  a u n ifo rm  o x id e  la y e r  
o f th ic k n e s s  d ;  th e  i n t e r f a c e  b e tw een  m e ta l  and o x id e  b e in g  c l e a r l y  
d e f in e d .  L e t  th e  t i p  o f  th e  w h is k e r  be p a r t  o f  a  s p h e re  o f  r a d iu s  A^, 
i n s e r t e d  i n t o  t h e  o x id e  su ch  t h a t  th e  p o in t  on th e  s p h e re  i n  c l o s e s t  
p r o x im ity  t o  th e  p la n e  m e ta l  s u r f a c e  i s  a t  a  d i s t a n c e  S from  t h i s  s u r f a c e .  
F ig u re  7 .5 ,  d raw n a b o u t an  a x is  o f sym m etry YY ' , i l l u s t r a t e s  t h i s  m odel.
I n  o rd e r  t o  c a l c u l a t e  th e  c u r r e n t  f lo w in g  b e tw een  th e  e l e c t r o d e s ,  th e  
s u r f a c e  o f  th e  t i p  o f  th e  w h is k e r  may b e  c o n s id e re d  to  be  d iv id e d  in to  
r i n g s  o f  w id th  d r  and r a d i u s  r  c e n te r e d  on YY" su ch  t h a t  r  = 0 a t  Y and 
r  = R a t  th e  s u r f a c e  o f th e  d i e l e c t r i c  XX". Assum ing t y p i c a l  v a lu e s  f o r  
th e  r a d i u s  o f th e  t i p  o f th e  w h is k e r  o f O .I t o  1 and t y p i c a l
th ic k n e s s e s  o f  o x id e  fo rm ed  i n  a i r  o f  '^100 th e  a p p ro x im a tio n  may be
made t h a t  th e  c u r v a tu r e  o f  th e  s u r f a c e  o f e a ch  a n n u lu s  i s  n e g l i g i b l e  
so  t h a t  th e  s u r f a c e  o f th e  t i p  can  be  r e p r e s e n te d  a s  a  l a r g e  number of 
r i n g s  e a c h  p a r a l l e l  t o  th e  p la n e  m e ta l  s u r f a c e .  The d i s t a n c e  t  o f  a  
r i n g  from  th e  m e ta l  s u r f a c e  can  b e  w r i t t e n  a s
t  = S + -  (A^2 _ r 2 )  . . . ( 7 . 1 8 )
T h is  e n a b le s  th e  c u r r e n t  d e n s i t y  J ( t )  f lo w in g  i n  an  a n n u lu s  a t  a  
d i s t a n c e  t  fro m  th e  m e ta l  p la n e  t o  b e  e x p re s s e d  a s  a  f u n c t io n  o f r ,  J ( r ) .  
The e l e c t r o n  f lo w  from  e a c h  r i n g  i s  t h e r e f o r e  2irr . 6 r  . J ( r ) ,  and so 
th e  c u r r e n t  r a t i o  f o r  th e  d e v ic e  may b e  c a lc u l a t e d  a s
2 iT j2 ( r ) rd r
n = — 2------------------------------------------------------- . . . ( 7 . 1 9 )
f 2 m J i ( r ) r d r  
0
w here  th e  u p p e r  l i m i t  o f  e a c h  i n t e g r a t i o n  may b e  w r i t t e n
R = ^2A^{d — S} — {d — S } ^  . . . ( 7 . 2 0 )
J l ( r )  and  Jz C r)  a r e  t h e  c u r r e n t  d e n s i t i e s  f o r  e a ch  s e n s e  o f  a p p l ie d  
b i a s .  The v o l t a g e  r e s p o n s i v i t y  o f a  d io d e  d e t e c t o r  may b e  fo u n d  by u s in g  
Simnons* e q u a t io n  t o  c a l c u l a t e  c u r r e n t  f lo w  a t  s p e c i f i c  v a lu e s  o f 
in s t a n ta n e o u s  v o l t a g e .  A m ethod o f  n u m e r ic a l ly  s o lv in g  e q u a t io n  7 .1 9  
f o r  b o th  t h e  t u n n e l  and th e rm io n ic  e f f e c t s ,  and  c a l c u l a t i n g  th e  
c o r r e s p o n d in g  r e s p o n s i v i t y  i s  d e s c r ib e d  i n  A ppendix  IV .
An exam ple w i l l  be  e v a lu a te d  i n  w h ich  a  m e ta l  h a s  on i t s  s u r f a c e  an  o x id e  
l a y e r  101 ^  t h i c k  w i th  a  d i e l e c t r i c  c o n s ta n t  o f  8 ^ ^ . A h e m is p h e r ic a l  
e l e c t r o d e  o f  10^ R r a d i u s  i s  i n s e r t e d  i n t o  t h e  o x id e  and th e  w ork f u n c t io n
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d i f f e r e n c e  b e tw een  th e  two m e ta ls  i s  ta k e n  to  b e  1 eV. The h e ig h t  o f 
th e  p o t e n t i a l  b a r r i e r  a t  th e  m e t a l - d i e l e c t r i c  i n t e r f a c e s  w i l l  have  a 
v a lu e  b e tw een  z e ro  and t h a t  o f  th e  w ork f u n c t io n  o f th e  e l e c t r o d e .  
A s s ig n in g  an  a r b i t r a r y  v a lu e  o f f o u r  v o l t s  to  th e  low er o f th e  two 
p a ra m e te rs  o f F ig u re  7 . 2 ( a ) ,  and  a p p ly in g  Vg = 0 .0 9  v o l t s  a c ro s s  
th e  j u n c t i o n ,  th e  low er l i m i t  o f  th e  r a n g e  o f b i a s  a p p l i c a b l e  to  
Simmons* e q u a t io n s ,  tu n n e l  and th e rm io n ic  c u r r e n t  w ere c a l c u l a t e d  and 
th e  r e s u l t s  g iv e n  i n  F ig u re  7 . 6 ( a ) .  The c u r r e n t s  g e n e ra te d  by  th e  two 
m echanism s a r e  com pared and a r e  s e e n  to  v a ry  i n  r e l a t i v e  im p o rta n c e  
w ith  th e  d e p th  o f  th e  w h is k e r  i n  th e  o x id e .  The d i f f e r e n c e  be tw een  
th e  two tu n n e l  c u r r e n t s  f o r  e a c h  s e n s e  o f a p p l ie d  b ia s  p o t e n t i a l  and 
th e  th e r m io n ic  c u r r e n t  f o r  th e  r e v e r s e  b i a s  c o n d i t io n  w ere b o th  to o  s m a ll  
to  show w i th  th e  c u r r e n t  s c a l e  em ployed . U sing  th e  above v a lu e s  t o  
o b ta in  th e  r e c t i f i c a t i o n  r a t i o  and b a r r i e r  r e s i s t a n c e ,  th e  r e s p o n s i v i t y  
t h a t  w ould r e s u l t  from  e a c h  i n d iv i d u a l  m echanism  can  be  fo u n d  and i s  
g iv e n  i n  F ig u re  7 .6 ( b ) .  The o p p o s i t e  s ig n s  o f th e  two r e s p o n s i v i t y  
c u rv e s  a r e  im m e d ia te ly  n o t i c e a b l e  and a r e  a  r e s u l t  o f th e  r e c t i f i c a t i o n  
r a t i o  o f  th e  tu n n e l  c u r r e n t s  b e in g  g r e a t e r  th a n  u n i t y ,  w h ile  t h a t  f o r  
th e  th e rm io n ic  c u r r e n t s  i s  l e s s  th a n  u n i t y .  The r e s p o n s i v i t y  o f a  d io d e  
d e t e c t o r  i s  p ro d u ce d  by  th e  com bined e f f e c t s  o f  b o th  p r o c e s s e s  and m ust 
b e  c a l c u l a t e d  u s in g  t h e  t o t a l  c u r r e n t .  The r e c t i f i c a t i o n  r a t i o  o f th e  
com bined c u r r e n t s  i s  s e e n  i n  F ig u re  7 .6 ( c )  t o  p a s s  th ro u g h  u n i t y .  The 
v o l t a g e  r e s p o n s i v i t y  f o r  t h i s  exam ple and f o r  o th e r  s p h e re  r a d i i  and 
v a lu e s  o f  a p p l ie d  b i a s  a r e  p l o t t e d  a g a in s t  th e  minimum b a r r i e r  sp a c in g  
S in  F ig u re  7 .7 .  F o r two d i f f e r e n t  b a r r i e r  h e ig h t s  d e f in e d  by = 4 eV 
and 4>i = 1 eV, th e  r e s p o n s i v i t y  shown i n  th e  f i g u r e  u n d e rg o e s  a  r e v e r s a l  
i n  p o l a r i t y  a t  a  v a lu e  o f  S c o r r e s p o n d in g  to  n = 1. T h is  c o n d i t io n  i s  
s e e n  t o  b e  a  f u n c t io n  o f  t h e  a p p l i e d  b i a s  and t h a t  a t  c e r t a i n  v a lu e s  
o f  o x id e  th ic k n e s s  th e  p o l a r i t y  o f  th e  o u tp u t  fro m  a  d e t e c t o r  w ould 
c h a n g e , a s  i n d ic a te d  b y  e q u a t io n  7 .2 ,  on a l t e r a t i o n  o f  th e  in p u t  pow er. 
C o n f irm a tio n  o f t h i s  f e a t u r e  o f  t h e  d io d e  m odel i s  p ro v id e d  by  th e  
e x p e r im e n ta t io n  o f  G reen  e t  a l . ?  d e s c r ib e d  e a r l i e r  and d i s p la y e d  i n  
F ig u re  7 .4 .  The m a g n itu d e  o f  th e  r e s p o n s i v i t y  i s  s e e n  to  f a l l  w i th  
in c r e a s e d  \d i i s k e r  t i p  s i z e  and s m a l le r  d i e l e c t r i c  s p a c in g . I n  b o th  
c a s e s  th e  r e s i s t a n c e  o f  t h e  b a r r i e r  i s  d e c re a s e d  and so  th e  v o l ta g e  
b u i l t  up  a c r o s s  i t  i s  r e d u c e d .  F ig u re  7 .7  a l s o  shows a  r e d u c t io n  i n  
d io d e  r e s p o n s e  on lo w e r in g  4>i fro m  4 t o  1 . A f u r t h e r  r e d u c t io n  o f  th e  
h e ig h t  o f  t h e  p o t e n t i a l  b a r r i e r  b y  a s s ig n in g  = 0 ,5  eV re d u c e d  th e  
v o l ta g e  r e s p o n s i v i t y  s t i l l  f u r t h e r ,  a s  i l l u s t r a t e d  i n  F ig u re  7 .8 .
P l o t t e d  s e p a r a t e l y  f o r  c l a r i t y ,  c u rv e s  f o r  t h i s  b a r r i e r  h e ig h t  a r e  o n ly  
shown f o r  V_ = 0 .0 9  v o l t s  i n  o r d e r  t o  com ply w ith  th e  t h e o r e t i c a lo
r e s t r i c t i o n  0 < eV $ A'F •
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Figure 7 .5 . Theoretical properties o f a M-O-M point-contact diode
detector. K « 8 ,  f , « 1 eV, 42  * 2 eV, /L = 10® amperes 
and Vjg « 0.09 v o lts .
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Figure 7 .7 . Theoretical voltage responsivity of a M-O-M point-contact 
diode detector. K * 8 , * i « 4 eV and *2  * 5 eV for curves 
A,B,C,D and E. *1 = 1 eV and = 2 eV for curves F.G.H.I 
and J.
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The v a r i a t i o n  o f  th e  re s p o n s e  o f  d e v ic e s  p ro d u ced  from  d i f f e r e n t  
c o m b in a tio n s  o f  m e ta ls  h a s  b een  i n v e s t i g a t e d  by  a l t e r i n g  th e  work f u n c t io n  
d i f f e r e n c e  AH' fro m  0 .1  t o  2 .0  eV and p l o t t i n g  th e  v o l t a g e  r e s p o n s i v i t y  
a g a in s t  th e  minimum b a r r i e r  th ic k n e s s  i n  F ig u re  7 . 9 ( a ) .  A g a in , a  v a lu e  
f o r  th e  lo w e r l i m i t  o f  th e  b a r r i e r  h e ig h t  h a s  b e e n  ch o sen  a s  {j>i = 1 eV 
and th e  b i a s  v o l t a g e  was re d u c e d  to  0 .0 9  v o l t s  i n  o r d e r  t o  com ply w ith  
th e  r e s t r i c t i o n  0 < eV < AH'. “The f i g u r e  shows s i m i l a r  c h a r a c t e r i s t i c s  
t o  th o s e  o f  F ig u r e s  7 .7  and 7 .8  and d e m o n s tra te s  t h a t  l a r g e  i n c r e a s e s  
i n  r e s p o n s i v i t y  a r e  o b ta in e d  by r e l a t i v e l y  s m a ll  i n c r e a s e  i n  AH'. T h is  
l a s t  o b s e r v a t io n  i s  m ore c l e a r l y  shown by F ig u re  7 .9 ( b )  w here th e  
r e s p o n s i v i t y  h a s  b e e n  r e p l o t t e d  a g a in s t  AH'" f o r  s e l e c t e d  v a lu e s  o f S.
An e x te n s iv e  s tu d y  o f  th e  f u l l  ra n g e  o f  th e  p a ra m e te r s  in v o lv e d  i n  th e  
m odel o f  t h e  d io d e  h a s  n o t  b e e n  u n d e r ta k e n ,  n e i t h e r  hav e  th e  p ro c e s s e s  
been  exam ined  o u t s i d e  th e  l i m i t s  on AH' and V f o r  w h ich  th e  e q u a t io n s  of 
Simmons w ere  d e r iv e d .
7 . 4 . 4 .  D iode d e t e c t o r  c o n s t r u c t i o n
7 . 4 . 4 . ] .  W hisker a n te n n a
The d e t e c t o r  a n te n n a e  w ere  f a b r i c a t e d  from  s t r a i g h t  s e c t i o n s  o f  20 
m ic ro n  d ia m e te r  t u n g s t e n  w i r e .  An a n te n n a  w ould  b e  s u p p o r te d  a t  one end 
by b e in g  g r ip p e d  i n  th e  b e n t-o V e r  end o f  a  t h i n  c o p p e r p o s t .  The f r e e  
end o f e a c h  w h is k e r  was sh a rp e n e d  e l e c t r o l y t i c a l l y  by  lo w e rin g  i t  i n to  
a  s o l u t i o n  o f  p o ta s s iu m  h y d ro x id e  and a p p ly in g  s e v e r a l  v o l t s  a . c .  
be tw een  th e  w h is k e r  and an  e le c t r o d e  im m ersed i n  th e  s o l u t i o n .  The 
w h is k e rs  w e re  th e n  r i n s e d  i n  w a te r  t o  rem ove any  e l e c t r o l y t e .  An exam ple 
o f  a  f i n e  c o n ic a l  p o i n t  e tc h e d  a t  th e  t i p  o f  a  w h is k e r  i s  shown in  
F ig u re  7 . 1 0 ( a ) ,  T h is  w as o b se rv e d  u s in g  an  o p t i c a l  m ic ro sc o p e  w ith  a  
d e p th  o f  f i e l d  o f  5 pm. The in s t r u m e n t  was fo c u s e d  on th e  w h isk e r  a t  a  
p o in t  a p p ro x im a te ly  h a l f  way a lo n g  t h e  l e n g th  o f  th e  cone i n  o r d e r  to  
show th e  t a p e r  p ro d u c e d  by  th e  e l e c t r o l y t i c  p r o c e s s .
7 . 4 . 4 . 2 .  S u b s t r a t e  m a t e r i a l
P o in t  c o n ta c t s  w ere  made on to  b o th  m e ta l  and se m ic o n d u c to r  s u b s t r a t e s .  
Sm all c r y s t a l s  o f  n -d o p ed  germ anium  and undoped g a l l iu m  a r s e n id e  w ere 
u sed  w h i le  a  sam p le  o f  n - ty p e  s i l i c o n  o f  r e s i s t i v i t y  0 .0 0 5  to  0 .0 2 0  0 cm 
was o b ta in e d  i n  t h e  fo rm  o f a  l a r g e  d i s c .  U nifo rm  m e ta l  s u b s t r a t e s  w ere 
made by e v a p o r a t in g  e i t h e r  g o ld  o r  a lum in ium  f i lm s  on g l a s s  s l i d e s ,  i n  
a  vacuum  sy s te m  pumped down to  lO""^ t o r r .  T u n g s ten  was u se d  i n  r o l l e d  
r ib b o n  fo rm .
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Figure 7 .9 . Theoretical voltage responsivity o f a M-O-M point-contact 
diode detector, (a) against S , (b) against AT. 4C«8,
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7 . 4 . 4 . 3 .  A ssem bly
The a rra n g e m e n t u se d  f o r  m aking  and s u p p o r t in g  th e  d io d e  d e t e c to r  i s  
i l l u s t r a t e d  i n  F ig u re  7 .1 1 .  The co p p er p o s t  h o ld in g  th e  tu n g s te n  
w h isk e r  i s  r e t a i n e d  i n  a  chuck  w h ich  i s  i n  tu r n  c o n n e c te d  to  th e  c e n t r e  
p in  o f a  BNC s o c k e t .  The d io d e  s u b s t r a t e  i s  a t t a c h e d  to  th e  n o n - r o t a t i n g  
c e n t r e  s h a f t  o f a  s p e c i a l  m ic ro m e te r  w i th  a r e s o l u t i o n  o f 1 ym and 
e a r th e d  v i a  th e  BNC c o n n e c to r .  To make c o n ta c t  be tw een  th e  t i p  o f th e
w h isk e r  and th e  s u b s t r a t e ,  th e  two a r e  f i r s t  b ro u g h t i n to  c lo s e  p ro x im ity
b y  h o r i z o n t a l  movement o f th e  chuck  a sse m b ly . W ith th e  w h isk e r  p la c e d  
i n  th e  s u b m il l im e tr e  beam , f i n a l  a d ju s tm e n t  i s  made u s in g  th e  m ic ro m e te r  
to  move th e  d io d e  s u b s t r a t e .  C o n ta c t  i s  made w h ile  o b s e rv in g  th e  o u tp u t  
from  th e  d e t e c t o r  and f i n e  a d ju s tm e n t  o f th e  f o r c e  on th e  w h isk e r  i s  
made to  o p t im is e  t h i s  s i g n a l .
7 .4 .5 .  P e rfo rm a n c e  c h a r a c t e r i s t i c s
I t  was found  t h a t  v e ry  l i g h t  p r e s s u r e  on th e  tu n g s te n  w h isk e r  was 
n e c e s s a ry  t o  p ro d u c e  r e c t i f i c a t i o n  from  a  m e ta l- o x id e - m e ta l  p o in t - c o n ta c t  
d io d e ,  p a r t i c u l a r l y  when u s in g  a  g o ld  s u b s t r a t e  w i th  i t s  v e ry  t h in
d i e l e c t r i c  s u r f a c e  l a y e r .  Low c o n ta c t  p r e s s u r e  o f te n  gave r i s e  t o  an
u n s ta b le  o u tp u t  v o l t a g e  w h ich  on o c c a s io n s  to o k  th e  fo rm  of a  p e r io d i c  
change o f p o l a r i t y .  T h is  b e h a v io u r  was found  to  be due to  m e c h a n ic a l 
v i b r a t i o n s  c o n t i n u a l l y  a l t e r i n g  th e  o x id e  b a r r i e r  th ic k n e s s ;  th e  
c o n d i t io n  f o r  r e v e r s a l  o f  t h e  o u tp u t  p o l a r i t y  som etim es b e in g  w i th in  
th e  e x c u r s io n  o f  th e  v i b r a t i n g  w h is k e r  t i p .  H ow ever, by  a c c e p t in g  a 
r e d u c t io n  i n  t h e  o u t p u t ,  i t  was o f t e n  p o s s ib l e  t o  im prove th e  s t a b i l i t y  
o f th e  d e t e c t o r  by i n c r e a s i n g  th e  w h is k e r  p r e s s u r e .
Maximum o u tp u t  was a g a in  a t t a i n e d  w i th  l i t t l e  p r e s s u r e  b e in g  a p p l ie d  to  
t h e  t u n g s te n  w h is k e r  when fo rm in g  d io d e s  w i th  doped s i l i c o n  and doped 
germ anium  s u b s t r a t e s .  O u tp u ts  h ig h e r  th a n  th o s e  from  th e  M-O-M d io d e s  
w ere  o b ta in e d ,  and h e n c e  m ore ru g g ed  d e te c to r s  c o u ld  be made by 
i n c r e a s in g  th e  w h is k e r  p r e s s u r e  a s  l a r g e r  r e d u c t io n s  i n  r e c t i f i c a t i o n  
w ere a c c e p t a b l e .  As was o f t e n  t h e  c a s e  w i th  M-O-M b a r r i e r s ,  th e  o u tp u t  
v o l t a g e  from  s i l i c o n  and  germ anium  d io d e s  was a l s o  red u c e d  to  z e ro  as  
th e  p r e s s u r e  on th e  w h is k e r  was i n c r e a s e d .  W ith a  f u r t h e r  i n c r e a s e  i n  
p r e s s u r e ,  t h e  o u tp u t  r e tu r n e d  w ith  o p p o s i te  p o l a r i t y .  The m ag n itu d e  o f 
th e  v o l t a g e  o b ta in e d  a t  h ig h  p r e s s u r e  was r a r e l y  a s  g r e a t  a s  t h a t  
o b ta in e d  a t  low w h is k e r  p r e s s u r e .  H ow ever, th e  r e s p o n s e  c o u ld  be 
re c o v e re d  a s  th e  c h a r a c t e r i s t i c  o f  o u tp u t  v o l ta g e  w i th  p r e s s u r e  was 
r e p r o d u c ib le  i n  b o th  d i r e c t i o n s .
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R ep ea ted  c o n ta c t  o f th e  tu n g s te n  w h isk e r  on to  th e  s u b s t r a t e  r e s u l t e d  
in  a r e d u c t io n  o f t h e  o u tp u t  from  th e  d io d e ;  how ev er, th e  o r i g i n a l  
s e n s i t i v i t y  c o u ld  b e  r e g a in e d  by r e s h a r p e n in g  th e  w h isk e r  p o i n t .
B ending  th e  p o in t  o f th e  tu n g s te n  w h is k e r ,  and h en ce  in c r e a s in g  th e  
a r e a  o f c o n ta c t  on t o  th e  s u b s t r a t e ,  i s  d e m o n s tra te d  i n  F ig u re  7 .1 0 .
The new ly  sh a rp e n e d  w h is k e r  i s  F ig u re  7 .1 0 ( a )  i s  shown a f t e r  b e in g  
b ro u g h t i n t o  c o n ta c t  w i th  a  s u b s t r a t e  i n  F ig u re  7 .1 0 ( b ) ,  and a f t e r  a  
f u r t h e r  a p p l i c a t i o n  i n  F ig u re  7 .1 0 ( c ) .  L oss o f r e s p o n s i v i t y  on b lu n t in g  
th e  w h is k e r  p o i n t  was p a r t i c u l a r l y  n o t i c e a b l e  w i th  m e ta l  s u b s t r a t e s ,  a s  
i t  was u s u a l  t o  o b t a in  no d e t e c t a b l e  o u tp u t  u n le s s  th e  w h is k e r  was 
f r e s h l y  s h a rp e n e d .
7 . 4 . 6 .  E x p e r im e n ta l  d a ta
Form ing d io d e s  by  m aking  c o n ta c t  be tw een  a  tu n g s te n  a n te n n a  and v a r io u s  
sam p les o f  a  p a r t i c u l a r  m a t e r i a l  u s u a l l y  r e s u l t e d  i n  th e  same p o l a r i t y  
o f  o u tp u t  on i n i t i a l  c o n ta c t ;  how ever, some e x c e p t io n s  d id  o c c u r .  Haas 
and T h o m a s h a v e  fo u n d  t h a t  th e  w ork f u n c t io n  o f a  p o l y c r y s t a l l i n e  
sam ple  o f  tu n g s te n  v a r i e s  o v e r  i t s  s u r f a c e .  T h is  was e x p la in e d  by  th e  
m e ta l  s u r f a c e  b e in g  composed from  r e g io n s  o f d i f f e r e n t  c o m p o s itio n s  and 
d i f f e r e n t  ex p o sed  c r y s t a l  f a c e s .  The w ork f u n c t io n  o f th e  p o i n t  o f  th e  
tu n g s te n  w ire  i s  unknow n, b u t  by  com paring  i t s  p o s s ib l e  v a r i a t i o n  w ith  
th e  d i f f e r e n c e  b e tw e en  t h e  a v e ra g e  v a lu e s  f o r  th e  two e le c t r o d e s  w ould 
i n d i c a t e  w h e th e r  p o l a r i t y  r e v e r s a l  may o c c u r  by  c o n ta c t in g  th e  w h isk e r  
on d i f f e r e n t  a r e a s  o f  th e  s u b s t r a t e .  H ence , w here  p o s s i b l e ,  d io d e  
d e t e c t o r s  w ere  e v a lu a te d  w h ich  had  b een  c o n s t r u c te d  from  s u b s t r a t e s ,  
th e  w ork f u n c t io n s  o f  w h ich  had  p r e v io u s ly  b e e n  m ea su red .
7 . 4 . 6 . 1 .  Work f u n c t io n  m easu rem en ts
F o r s u b s t r a t e s  w i th  a  s u f f i c i e n t l y  l a r g e  s u r f a c e  a r e a ,  th e  w ork f u n c t io n  
was m easu red  by C h a n d le r  u s in g  th e  v i b r a t i n g  c a p a c i to r  m ethod o f 
m e a su r in g  c o n ta c t  p o t e n t i a l  d i f f e r e n c e ^ A  s l i c e  o f  n - ty p e  s i l i c o n  
and e v a p o ra te d  f i lm s  o f  g o ld  and a lum in ium  i n  t u r n  fo rm ed  one e le c t r o d e  
o f  a  p a r a l l e l  p l a t e  c a p a c i t o r ,  w h i le  th e  seco n d  e l e c t r o d e  was f a b r i c a t e d  
fro m  a  s h e e t  o f p la t in u m  f o i l .  I n  th e  p r e s e n c e  o f  an  e x t e r n a l  c i r c u i t ,  
th e  two p l a t e s  a c q u i r e  a  p o t e n t i a l  d i f f e r e n c e  e q u a l  to  th e  w ork f u n c t io n  
d i f f e r e n c e  o f  th e  two m a t e r i a l s .  A change i n  c a p a c i ta n c e  was p ro d u ced  
by s i n u s o i d a l l y  v i b r a t i n g  th e  s u b s t r a t e  p e r p e n d ic u l a r ly  t o  th e  p la n e  o f 
th e  e l e c t r o d e s .  T h is  g e n e ra te d  an  a l t e r n a t i n g  c u r r e n t  i n  th e  c i r c u i t .  
T h is  c u r r e n t  was re d u c e d  t o  z e ro  by a p p l i c a t i o n  o f  a  d i r e c t  p o t e n t i a l  
o f  o p p o s i te  p o l a r i t y  t o  t h a t  a c r o s s  th e  c a p a c i t o r ,  th u s  e n a b l in g  th e  w ork 
f u n c t io n  d i f f e r e n c e  t o  be  m e a su re d . By t a k in g  th e  w ork f u n c t i o n  o f
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p la t in u m  a s  5 .3 2  eV th e  w ork f u n c t io n s  o f  th e  m a t e r i a l s  u sed  i n  th e  
p r e s e n t  w ork w ere m easu red  and a r e  shown i n  T a b le  7 .1 ,  The v a lu e s  
o b ta in e d  f o r  th e s e  sam p les  w ere  fo und  to  be i n  good ag reem en t w ith  
p u b l is h e d  f i g u r e s .
T a b le  7 .1
A verage  w ork f u n c t io n s  o f th e  p la n e  e le c t r o d e s
M a te r ia l P r e s e n t  w ork P u b l is h e d  r e s u l t s R e fe re n c e
A lum inium
Gold
S i l i c o n
4 .2 6  ± 0 .0 2  eV 
5 .3 9  ± 0 .0 3  eV 
4 .8 5  ± 0 .0 2  eV
4 .2 4  ± 0 .0 3  eV 
5 .3 2  ± 0 .1  eV 
4 .8 5  ± 0 .0 5  eV
80 
80 
8 0 , 81
7 . 4 . 6 . 2 .  R e s p o n s iv i ty
337 ym w a v e le n g th  r a d i a t i o n  was fo c u s e d  on to  th e  window o f a  G olay 
c e l l  o f known r e s p o n s i v i t y .  T h is  e n a b le d  th e  power i n c id e n t  a t  th e  
window t o  be  c a l i b r a t e d  a g a in s t  th e  o u tp u t  from  a  seco n d  G olay c e l l  
u sed  a s  a  m o n i to r . The r a d i a t i o n  to  th e  m o n ito r  c e l l  was c o u p led  from  
th e  beam by a  M e lin e x  f i l m .  P la c in g  th e  a n te n n a  o f  a  d io d e  d e t e c to r  a t  
th e  p o in t  o f c o n v e rg e n c e  o f th e  beam a llo w e d  v a lu e s  t o  be c a lc u la t e d  f o r  
th e  v o l t a g e  r e s p o n s i v i t y  o f th e  d e v ic e .  P l o t t e d  a s  a  f u n c t io n  o f th e  
r e s i s t a n c e  o f  a  lo a d  i n  p a r a l l e l  w i th  th e  d io d e s .  F ig u re s  7 ,1 2  and 7 .1 3  
show r e s p e c t i v e l y  th e  m easu red  r e s p o n s i v i t i e s  o f  M-O-M and M -O -sem i- 
c o n d u c to r  d e t e c t o r s .  R e s p o n s iv i t i e s  o b ta in e d  by  m aking two s e p a r a te  
p o in t  c o n ta c t s  on t o  a  sam ple  o f  n - ty p e  germ anium  and two c o n ta c t s  on 
t o  n - ty p e  s i l i c o n  a r e  d i s p la y e d  t o  i l l u s t r a t e  th e  v a r i a b i l i t y  i n  
p e rfo rm a n c e  p ro d u c e d  by  e a c h  c o n s t r u c t i o n  o f  a  d io d e .  I t  i s  n o te d  t h a t  
th e  p o l a r i t y  o f  th e  o u tp u t  changed  on r e - a p p l i c a t i o n  o f  th e  w h isk e r  to  
th e  n - s i l i c o n  s u b s t r a t e .  The o u tp u t  r e s i s t a n c e s  o f  th e s e  d e v ic e s  w ere 
m easu red  fro m  th e  r e s p o n s i v i t y - l o a d  c u rv e s  and a r e  l i s t e d  i n  T a b le  7 .2 .
7 . 4 . 6 . 3 .  C u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s
The s m a ll  b a r r i e r  a r e a  i n  p o i n t - c o n t a c t  d io d e s  r e n d e r s  th e  d e v ic e s  
s u s c e p t ib l e  to  e l e c t r i c a l  dam age. The c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  
w ere  t h e r e f o r e  i n v e s t i g a t e d  b y  a p p ly in g  p u l s e s  o f  c u r r e n t  t o  th e  d io d e s  
t o  l i m i t  th e  e n e rg y  d i s s i p a t e d .  The d io d e s  w ere  s u b je c te d  to  p o s i t i v e  
and n e g a t iv e  g o in g  p u l s e s ,  p ro d u ce d  b y  u s in g  a  t r a n s fo r m e r  t o  
d i f f e r e n t i a t e  a  900 Hz o u tp u t  from  a  s q u a re  wave o c i l l a t o r ,  a s  shown
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Figure 7.12. Experimentally measured properties of M-O-M point-contact 
diode detectors. ( i )  I-V characteristics, and (2) voltage 
responsivity for a tungsten antenna to (a) gold,
(b) aluminium, and (c) tungsten. Crossed bars Indicate 
uncertainty.
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Figure 7.13. Experimentally measured properties of M-O-semiconductor point-contact diode detectors.
(1) I-V ch a racter is t ic s ;  (2) voltage responsivity gain against bias; (3) voltage  
responsivity against shunt resistance for a tungsten antenna to (a) n-type germanium, 
and (b) n-type s i l i c o n .  Two separate contacts, ( i )  and ( i i ) ,  are shown for each semi­
conductor. Voltage responsivity against applied bias i s  shown in ( l ) ( c )  for a tungsten 
antenna to GaAs detector and the corresponding n .e .p .  in ( 2 ) ( c ) .  Crossed bars indicate  
uncertainty. .
— 167“
T a b le  7 .2
M easured z e ro  b i a s  r e s i s t a n c e ,  o u tp u t  r e s i s t a n c e  and th e  u p p e r  l i m i t  
o f  th e  n . e . p .  o f  p o i n t - c o n ta c t  d io d e  d e t e c t o r s
D iode Z ero  b i a s  r e s i s t a n c e  
(ohms)
O u tp u t r e s i s t a n c e  
(ohms)
Maximum n . e . p .  
( w a t t s  . Hz ^)
W-Si 
W-Ge 
W—Au 
W-Al 
W-W
( 2 .3  ± 0 .3 )  X 104 
( 4 .5  ± 0 .3 )  X 10^ 
220 ± 25 
930 ± 65 
770 ± 30
( 7 .8  ± 0 .1 )  X 10% 
( 3 .2  ± 0 .1 )  X 10^ 
200 ± 15 
ilOO ± 100 
900 ± 30
2 .5  X lOTS and 2 .9  x 10“ ^
1 .5  X 10-9 and 7 .2  x lQ-9
5 X iQ -e 
1 .5  X 10-8
2 .2  X 10-8
in  F ig u re  7 .1 4 .  C u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  o b ta in e d  f o r  tu n g s te n -  
o x id e - m e ta l  d io d e s  a r e  d i s p la y e d  i n  F ig u re  7 .1 2  and tu n g s te n - o x id e -  
se m ic o n d u c to r  d io d e s  i n  F ig u re  7 .1 3 .  A verage v a lu e s  f o r  th e  z e ro  b ia s  
r e s i s t a n c e  w ere  m easu red  from  th e  c h a r a c t e r i s t i c s  and a r e  d i s p la y e d  i n  
T a b le  7 .2 .
7 . 4 . 6 . 4 .  B ia se d  d io d e s
The e f f e c t  on th e  r e s p o n s i v i t y  o f  a  d io d e  d e t e c t o r  o f  a p p ly in g  a d . c .  
b i a s  a c r o s s  i t s  j u n c t i o n  was i n v e s t i g a t e d  u s in g  t h e  c i r c u i t  o f  F ig u re  7 .1 5  
The v a r i a t i o n  o f  th e  r e s p o n s e  o f  tu n g s te n  to  n-germ anium  and tu n g s te n  
t o  n - s i l i c o n  d io d e s  w i th  a p p l i e d  b i a s  i s  g iv e n  i n  F ig u re  7 .1 3 .  The 
p o l a r i t y  o f  t h e  b i a s  v o l t a g e  s t a t e d  i s  t h a t  a p p l ie d  to  th e  tu n g s te n  
w h isk e r  a n d , a s  i s  show n, th e  i n c o r r e c t  p o l a r i t y  can  re d u c e  th e  d io d e  
o u tp u t  t o  a n  u n m e a su ra b le  l e v e l .  The m ost n o ta b le  r e s p o n s e  was o b ta in e d  
from  a  d e t e c t o r  fo rm ed  by  c o n ta c t in g  a  tu n g s te n  w h is k e r  on t o  an  undoped 
sam ple  o f  g a l l iu m  a r s e n i d e .  T h is  d e v ic e  gave  no  o b s e rv a b le  o u tp u t  i n  an 
u n b ia s e d  s t a t e ,  b u t  w i th  s e v e r a l  m i l l i v o l t s  o f  p o s i t i v e  d . c .  p o t e n t i a l  
p ro d u ce d  th e  l a r g e s t  r e s p o n s i v i t y  o f  any  o f  th e  d e t e c t o r s  i n v e s t i g a t e d ,  
a s  s e e n  fro m  F ig u re  7 .1 3 .
No i n c r e a s e  i n  o u tp u t  was o b ta in e d  from  th e  tu n g s te n  t o  m e ta l  d io d e s  
w i th  a p p l i e d  d . c .  b i a s .
7 . 4 . 6 . 5 .  R esp o n se  tim e
F ig u re s  7 .1 2  and 7 .1 3  show th e  r e d u c t io n  i n  r e s p o n s i v i t y  p ro d u c e d  by 
p la c in g  a  s h u n t  r e s i s t o r  a c r o s s  th e  d e t e c t o r .  The a d d i t i o n  o f  su ch  a  
lo a d  i s  a  u s e f u l  te c h n iq u e  f o r  r e d u c in g  th e  re s p o n s e  tim e  o f  th e  d e v ic e  
and c a n  b e  u s e d  t o  o b t a i n  t h e  o u tp u t  r e s i s t a n c e ,  a s  l i s t e d  i n  T a b le  7 .2 .  
The tu n g s t e n  t o  m e ta l  d io d e s  h a v e  i n h e r e n t l y  th e  f a s t e s t  r e s p o n s e  w i th
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Figure 7.15. Circuit used to apply d .c . bias to point-contact diodes
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an o u tp u t  r e s i s t a n c e  i n  th e  ra n g e  200 t o  1000 ohms. When c o n n e c te d  to  
an  a m p l i f i e r  w i th  a  t y p i c a l  in p u t  c a p a c i ta n c e  o f 10 p F , re s p o n s e  tim es  
o f 4 .4  X 10"^ to  2 .2  X 10” ® se co n d s  can  be  e x p e c te d . I f  g r e a t e r  
r e s p o n s i v i t i e s  a r e  r e q u i r e d ,  a  tu n g s te n  t o  s e m ic o n d u c to r  d io d e  would 
be n e c e s s a r y .  W ith  an  o u tp u t  r e s i s t a n c e  o f  th e  o r d e r  o f  10® s i l i c o n  
and germ anium  d io d e s  w i l l  have a  r e s p o n s e  tim e  o f  a p p ro x im a te ly  1 y s .  
H ow ever, F ig u re  7 .1 3  i n d i c a t e s  t h a t  th e  im p e d a n ce , and h en ce  th e  sp e e d , 
c o u ld  b e  re d u c e d  b e f o r e  th e  l o s s  o f  r e s p o n s i v i t y  becam e p r o h i b i t i v e ,
7 . 4 . 6 . 6 .  D iode n o is e
F or v id e o  d e t e c t i o n ,  th e  o b se rv e d  n o i s e  i s  l im i t e d  by  th e  b an d w id th  o f 
th e  sy s te m  and  i t  i s  u s u l l  to  e x p re s s  th e  n . e . p .  i n  te rm s  o f a  1 Hz 
b a n d w id th . The n . e . p .  in c lu d e s  th e  p a ra m e te r s  o f  v o l t a g e  r e s p o n s i v i t y  
and th e  m easu red  n o i s e  o u tp u t  v o l t a g e ,  th e  s q u a re  o f  t h e  l a t t e r  b e in g  
p r o p o r t i o n a l  t o  th e  b a n d w id th . The c o n v e n tio n  was t h e r e f o r e  a d o p te d  
o f  q u o t in g  th e  n . e . p .  i n  u n i t s  o f  w a t ts  . h e r t z  ^ .
The n o i s e  o u tp u t  from  th e  tu n g s te n  to  m e ta l  and tu n g s te n  to  s i l i c o n  and 
germ anium  d io d e s  was l e s s  th a n  c o u ld  be  d e te c te d  u s in g  a  T e k tro n ix  1A5
a n ç l i f i e r .  A ssum ing a  minimum o b s e rv a b le  s i g n a l  to  be  0 .1  mV, th e
maximum p o s s ib l e  n o i s e  v a lu e s  h a v e  b een  c a l c u l a t e d  f o r  e a c h  d io d e ,  and
l i s t e d  i n  T a b le  7 .2  a s  n o i s e  e q u iv a l e n t  pow er i n  w a t t s  , h e r t z  ^ . The
u p p e r l i m i t  f o r  th e  v a lu e s  o f  n . e . p .  q u o te d  i s  g r e a t e s t  f o r  th e  tu n g s te n  
t o  m e ta l  d io d e s .  T h is  i s  m is le a d in g  and i s  a  r e s u l t  o f  th e  r e s p o n s i v i t y  
o f th e  m e ta l  d e v ic e s  b e in g  low er th a n  th o s e  o f th e  se m ic o n d u c to r  d e v ic e s .
O b se rv a b le  n o i s e  w as g e n e ra te d  by  t h e  tu n g s te n  to  undoped g a l l iu m  
a r s e n id e  d io d e .  The n . e . p .  i s  shown p l o t t e d  a g a in s t  th e  b i a s  p o t e n t i a l  
i n  F ig u re  7 .1 3 ,  and i s  a p p ro x im a te ly  a n  o r d e r  o f  m ag n itu d e  b e t t e r  th a n  
t h a t  r e p o r t e d  f o r  a  tu n g s te n  t o  doped g a l l iu m  a r s e n id e  diode®®.
7 .5 .  D is c u s s io n
C om parison  o f  th e  p e rfo rm a n c e  o f  th e  d io d e  d e t e c t o r s  w i th  th e  th e o ry  
r e v e a l s  t h e  s i m i l a r i t y  o f r e v e r s a l  o f  th e  p o l a r i t y  o f  th e  o u tp u t  and 
th e  r e d u c t io n  i n  r e s p o n s i v i t y  a s  th e  w h is k e r  i s  d r iv e n  i n t o  th e  
d i e l e c t r i c  l a y e r .  The p ro p o se d  m odel o f  a  p o i n t - c o n ta c t  d io d e  i s  
s u p p o r te d  by th e  e x p e r im e n ta l  o b s e r v a t io n s  a s  th e  o u tp u t  i s  r e p r o d u c ib le  
on a p p l i c a t i o n  o f  th e  w h is k e r  t o  th e  s u b s t r a t e ,  and r e v e r s i b l e  on 
w i th d ra w a l .  Random f l u c t u a t i o n  o f  p a ra m e te rs  a f f e c t i n g  th e  d io d e  
p e rfo rm a n c e  d u r in g  i n s e r t i o n  o f  t h e  \d i i s k e r  i n t o  th e  o x id e ,  a s  f o r  
exam ple v a r i a t i o n  i n  t h e  w ork f u n c t i o n s  o f  th e  e l e c t r o d e s ,  a r e  t o  a  l a r g e  
e x te n t  r u le d  o u t .  F u r th e r  e v id e n c e  f o r  th e  v a l i d i t y  o f  th e  m odel i s
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o b ta in e d  from  th e  e x p e r im e n ta l  d e m o n s tra t io n  t h a t  th e  l a r g e s t  r e s p o n s i v i t y  
o c c u rs  a t  th e  l a r g e s t  b a r r i e r  sp a c in g  and t h a t  once r e v e r s a l  h a s  ta k e n  
p l a c e ,  th e  o u tp u t  i s  s m a l le r  th a n  t h a t  o b ta in e d  p r e v io u s ly .  These 
o b s e r v a t io n s  i n d i c a t e  t h a t  once th e  w h isk e r  h as  made c o n ta c t  w i th  th e  
o x id e ,  th e  w ork f u n c t io n  o f  th e  s u b s t r a t e  and th e  w h isk e r  a p p e a r  
r e a s o n a b ly  c o n s ta n t  a s  th e  tu n g s te n  t i p  gouges i n t o  th e  d i e l e c t r i c .
The o b s e rv e d  p r o p e r ty  t h a t  d io d e s  made w ith  d i f f e r e n t  sam ples o f a  sub­
s t r a t e  m a t e r i a l ,  and in  some c a s e s  on d i f f e r e n t  r e g io n s  o f  th e  same sam p le , 
can  p ro d u c e  a  d i f f e r e n t  o u tp u t  p o l a r i t y  on i n i t i a l  c o n ta c t ,  can  be 
e x p la in e d  by th e  a n a ly s i s  o f  Haas and T h o m a s ? ? .  As d e s c r ib e d  e a r l i e r ,
Haas and Thomas showed t h a t  th e  v a lu e  o f th e  w ork f u n c t io n  can  v a ry  a c ro s s  
th e  s u r f a c e  o f  a  m a t e r i a l .  By v i r t u e  o f  th e  n a tu r e  o f th e  te c h n iq u e  u s e d , 
th e  w ork f u n c t i o n  m easu rem en ts o f  C h a n d le r , d e s c r ib e d  i n  s e c t i o n  7 . 4 . 6 . I ,  
a r e  a v e ra g e  v a lu e s  f o r  th e  w hole  s u b s t r a t e  s u r f a c e .  The s m a ll  d i f f e r e n c e s  
be tw een  th e  m easu red  v a lu e s  and t h a t  o f  p o l y c r y s t a l l i n e  tu n g s te n  i n d i c a t e  
t h a t  r e v e r s a l  o f  th e  p o l a r i t y  o f  th e  w ork f u n c t io n  d i f f e r e n c e  o v e r 
l o c a l i z e d  r e g io n s  o f  th e  s u b s t r a t e  i s  p r o b a b le .  I t  m ust a l s o  be  n o te d  
t h a t  t h e r e  i s  a  c o n s id e r a b le  d i f f e r e n c e  be tw een  th e  v a lu e s  r e p o r te d  f o r  
th e  w ork f u n c t i o n  o f  th e  v a r io u s  c r y s t a l  o r i e n t a t i o n s  o f tungsten® ® , a s  
i l l u s t r a t e d  i n  T a b le  7 .3
T a b le  7 .3
Work f u n c t i o n  o f tu n g s te n  a t  d i f f e r e n t  c r y s t a l  o r i e n t a t i o n s
( a f t e r  r e f e r e n c e  80)
C r y s ta l  o r i e n t a t i o n Work f u n c t io n  
(eV)
110 5 .3  ± 0 .1 2
111 4 .4  ± 0 .0 3
116 4 .3  ± 0 .0 3
100 4 .6  ± 0 .0 8
A ssum ing th e  t y p i c a l  s i z e  o f  th e  t i p  o f  an e tc h e d  tu n g s te n  whisker®^»?** 
t o  be  co m p arab le  w i th  o r  s m a l le r  th a n  th e  g r a in  s iz e ® ^ , i t  i s  e v id e n t  
t h a t  w i th  s u c c e s s iv e  r e - e t c h i n g  o f th e  w h is k e r ,  and b en d in g  o f th e  w h isk e r  
p o i n t ,  d i f f e r e n t  c r y s t a l  f a c e s  may be  b ro u g h t i n t o  c o n ta c t  w i th  th e  sub ­
s t r a t e .
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A lth o u g h  th e  t h e o r e t i c a l  m odel p ro v id e s  a  good q u a l i t a t i v e  d e s c r i p t i o n  
o f th e  e x p e r im e n ta l  o b s e r v a t io n s ,  th e  p o o r q u a n t i t a t i v e  ag reem en t 
r e q u i r e s  e x p la n a t i o n .  In d e e d , a t  t y p i c a l  in p u t  pow ers o f s e v e r a l  m i l l i ­
w a t t s ,  th e  h ig h  o u tp u t  v o l t a g e s  t h a t  w ould r e s u l t  from  much o f th e  ran g e  
o f  r e s p o n s i v i t y  shown i n  F ig u re s  7 .7  and 7 .8  im m e d ia te ly  i n d i c a t e  a  
s o u rc e  o f  e r r o r  i n  th e  m o d e l. Not o n ly  w ould  th e  t h e o r e t i c a l  c o n d i t io n s  
V < (A Y )/e and  V $ ( ^ i ) / e  be i n v a l i d ,  b u t  th e  r e c t i f i e d  p o t e n t i a l  w ould 
ex ceed  th e  d i e l e c t r i c  s t r e n g t h  o f th e  b a r r i e r .  The d i f f e r e n c e  betw een  
th e  c a l c u l a t e d  and e x p e r im e n ta l  v a lu e s  may a l s o  be a t t r i b u t e d  in  p a r t  to  
th e  im p e r fe c t  e f f i c i e n c y  o f  th e  a n te n n a . The p ro b le m  o f c o u p lin g  th e  
s u b m i l l im e t r e  r a d i a t i o n  i n t o  th e  d e t e c to r  i s  one t h a t  h a s  n o t  been  d e a l t  
w i th  i n  t h i s  program m e o f  w ork . I t  i s  a l s o  e v id e n t  t h a t  th e  geom etry  o f 
th e  w h is k e ry  t i p  w i l l  se ldom  be th e  i d e a l i z e d  c o n f ig u r a t io n  d e p ic te d  in  
F ig u re  7 .5 .  A s o u rc e  o f  e r r o r  may t h e r e f o r e  e x i s t ,  a s  Chow?® showed t h a t  
l o c a l  p e r t u r b a t i o n s  i n  th e  e l e c t r o d e  s p a c in g  can  change th e  r e s i s t a n c e  by 
s e v e r a l  o r d e r s  o f  m a g n itu d e . I t  h a s  a l s o  b e e n  assum ed t h a t  w e l l  d e f in e d  
i n t e r f a c e s  e x i s t  b e tw e en  th e  e l e c t r o d e s  and a  p e r f e c t  d i e l e c t r i c .  I n  a  
p r a c t i c a l  p o i n t - c o n t a c t  d e v ic e  th e  i n s u l a t o r  i s  fo rm ed  by a tm o sp h e r ic  
c o n ta m in a t io n  and i s  defo rm ed  a s  p r e s s u r e  i s  a p p l ie d  to  th e  w h is k e r .
Chen and Adler®® showed t h a t  im p e r fe c t io n s  i n  t h e  d i e l e c t r i c  w ould 
s i n g i f i c a n t l y  r e d u c e  i t s  r e s i s t a n c e .  I t  i s  a l s o  s u g g e s te d  t h a t  a  p o o r ly  
d e f in e d  m e t a l - i n s u l a t o r  i n t e r f a c e  w ould re d u c e  th e  h e ig h t  o f  th e  p o t e n t i a l  
b a r r i e r  and  th e  e f f e c t i v e  w id th  o f  th e  i n s u l a t o r .  F ig u re s  7 ,7  and 7 .8  
show th e  r e s p o n s i v i t y  t o  b e  a  s t r o n g  f u n c t i o n  o f  th e s e  two p a ra m e te rs   ^
and i n d i c a t e  t h a t  f u r t h e r  r e d u c t io n  i n  t h e i r  v a lu e s  w ould p r e d i c t  a  more 
r e a l i s t i c  o u tp u t .  S in c e  AY.and th e  a n te n n a  e f f i c i e n c y  w ere u nm easu red , 
a  l a r g e  c o m b in a tio n  o f  n u m e r ic a l  v a lu e s  f o r  th e s e  p a ra m e te r s  w ould  be 
n eed ed  i n  o r d e r  t o  s im u la te  r e a l  c o n d i t io n s .  F o r  t h i s  r e a s o n ,  and t h a t  
r e d u c t io n  o f  4>x and AY i s  l im i t e d  by  th e  b o u n d a ry  c o n d i t io n s  m en tio n ed  
a b o v e , f u r t h e r  a d ju s tm e n t  o f  th e s e  p a ra m e te r s  was n o t  c a r r i e d  o u t .  I t  
i s  t h e r e f o r e  e v id e n t  t h a t  a  c o n tin u e d  e v a lu a t i o n  o f  th e  d io d e  m odel sh o u ld  
in c lu d e  e x p r e s s io n s  f o r  th e  tu n n e l  and th e r m io n ic  c u r r e n t s  f o r  low er 
b a r r i e r  h e ig h ts ? ^ » ? ® .
I n  a d d i t i o n  t o  th e rm io n ic  e m is s io n  and quantum  m e c h a n ic a l  t u n n e l l i n g ,  a  
m ore c o m p le te  a n a ly s i s  sh o u ld  ta k e  a c c o u n t o f  th e r m a l ly  a s s i s t e d  e l e c t r o n  
t u n n e l l i n g  and f i e l d  a s s i s t e d  t u n n e l l i n g .  R eproduced  from  th e  work o f 
P i t t® 4 ,  F ig u re  7 .1 6  shows a  s c h e m a tic  r e p r e s e n t a t i o n  o f  th e  f o u r  m echanism s 
A lth o u g h  f i e l d  a s s i s t e d  and th e r m a l ly  a s s i s t e d  t u n n e l l i n g  h av e  n o t  b een  
c o n s id e r e d  i n  t h i s  w o rk , i t  i s  th o u g h t p r o b a b le  t h a t ,  i f  in c lu d e d ,  th e  
m odel w ould  c o n tin u e  t o  p ro v id e  a  q u a l i t a t i v e  d e s c r i p t i o n  o f  th e
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Figure 7.16. Schematic representation of a potential barrier showing 
current transport mechanisms. I ,  Schottky emission; 
I I , thermally assisted  tunnel current; I I I , f ie ld  
assisted  tunnel current; IV, quantum-mechanical tunnel 
current. After P itt**.
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e x p e r im e n ta l ly  o b s e rv e d  c h a r a c t e r i s t i c s .  As b e f o r e ,  t h i s  w ould r e q u i r e  
th e  r e c t i f i c a t i o n  r a t i o  to  p a s s  th ro u g h  u n i ty  as  one m echanism  i s  
do m in a ted  by a n o th e r .  I t  may be  p o s tu l a te d  t h a t  b o th  quantum  m e c h a n ic a l 
t u n n e l l i n g  o r  f i e l d  a s s i s t e d  t u n n e l l i n g ,  enhanced  by th e  h ig h  e l e c t r i c  
f i e l d s  c r e a te d  a t  s m a ll  e l e c t r o d e  s p a c in g s ,  would g iv e  way a t  l a r g e r  
sp a c in g  t o  th e r m io n ic  e m is s io n  o r  th e r m a l ly  a s s i s t e d  t u n n e l l i n g ,  w hich  
o c c u r  a t  low er f i e l d s .  T h e rm a lly  a s s i s t e d  tu n n e l l i n g  and th e rm io n ic  
e m is s io n  hav e  b een  shown by  R o b e r ts  and Polanco® ^ to  p o s s e s s  s i m i l a r l y  
shaped  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s .  The e f f e c t  o f in c lu d in g  th e  
a d d i t i o n a l  c u r r e n t  m echanism s w ould m e re ly  be  to  a l t e r  th e  shape  and 
m ag n itu d e  o f th e  t h e o r e t i c a l  c u rv e s  o f F ig u re s  7 ,7  and 7 ,8  and th e  
th ic k n e s s  o f th e  d i e l e c t r i c  a t  w h ich  p o l a r i t y  r e v e r s a l  t a k e s  p l a c e .
/ .An i n d i c a t i o n  o f th e  o p e r a t io n a l  ra n g e  o f th e  v a r io u s  d e v ic e s  i n v e s t i g a t e d  
can  b e  o b ta in e d  fro m  th e  e x p e r im e n ta l  d a ta  d is p la y e d  i n  T a b le  7 .2 ,  The 
v a lu e s  o f  th e  z e ro  b i a s  r e s i s t a n c e  c a lc u la t e d  from  th e  s lo p e  a t  th e  
o r i g i n  o f th e  c u r r e n t - v o l t a g e  c u rv e s  i n  F ig u re  7 ,1 2  a r e  i n  c lo s e  
ag reem en t w i th  t h e  o u tp u t  r e s i s t a n c e  fo und  from  th e  c o r re s p o n d in g  g ra p h s  
o f r e s p o n s i v i t y  a g a i n s t  lo a d .  T h ese  m easu rem en ts i n d i c a t e  v a lu e s  i n  th e  
r e g io n  200 to  1000 0 a s  t y p i c a l  f o r  M-O-M d io d e s .  S in c e  th e  s p re a d in g  
r e s i s t a n c e  w i l l  b e  low  f o r  m e t a l s ,  t h e s e  v a lu e s  w i l l  be  u se d  a s  th e  
r e s i s t a n c e  o f th e  o x id e  b a r r i e r .  U sing  0 .1  pm as  a  t y p i c a l  v a lu e  f o r  
th e  d ia m e te r  o f  an  e l e c t r o l y t i c a l l y  e tc h e d  tu n g s te n  w ire  and a  sp a c in g  
o f  50 R i n  an  i n s u l a t o r  o f  d i e l e c t r i c  c o n s ta n t  o f 8 , an  ap p ro x im ate  
v a lu e  c a n  b e  a s s ig n e d  to  th e  c a p a c i ta n c e  o f  a  p o i n t - c o n t a c t  d io d e  o f 
10” 16 f a r a d s .  U sing  e q u a t io n  7 .7  and a  s p re a d in g  r e s i s t a n c e  o f 1 fi f o r  
a  m e ta l  s u b s t r a t e ,  t h e  —3 dB p o in t  f o r  an  M-O-M d e v id e  i s  c a lc u la t e d  to  
b e  b e tw e en  4 .5  THz and 100 THz. U sing  t y p i c a l  o u tp u t  r e s i s t a n c e s  o f 
tu n g s te n  t o  n - s i l i c o n  and n -germ an ium  d io d e s ,  a s  g iv e n  i n  T a b le  7 .2  a s  
th e  s p re a d in g  r e s i s t a n c e ,  and th e  same v a lu e s  f o r  b a r r i e r  r e s i s t a n c e  
and c a p a c i ta n c e  a s  p r e v io u s ly  c a l c u l a t e d ,  and a  d i e l e c t r i c  c o n s ta n t  o f 
4 .5 ^ 6 ,  t h e  c o rn e r  f re q u e n c y  i s  now fo u n d  to  be i n  th e  r e g io n  o f 15 THz.
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CHAPTER EIGHT 
MAGNETO-OPTICS OF SOLIDS
8 .1 .  I n t r o d u c t i o n
R e fe re n c e  was made i n  C h a p te r  One to  th e  w ork o f B irc h  and J o n e s w h o  
d e m o n s tra te d  th e  u s e  o f  F a ra d a y  r o t a t i o n  to  m o d u la te  337 ym r a d i a t i o n .
The d e s c r i p t i o n  and a n a ly s i s  o f s e c t io n s  4 .2 .2  and 4 .2 .3  on th e  
f e a s i b i l i t y  o f u s in g  su ch  a  m o d u la to r  a s  a  Q -sw itc h in g  te c h n iq u e  le d  to  
a  s tu d y  o f  m a g n e to - o p t ic a l  p r o p e r t i e s  o f  m a g n e tic  g a r n e ts  a t  t h i s  wave­
le n g th  .
The t e n s o r  com ponents o f  m a g n e tic  m a t e r i a l s  a t  m icrow ave f r e q u e n c ie s  w ere 
d e r iv e d  by Pol(^er®^ to  e x p la in  t h e  F a ra d a y  e f f e c t  i n  f e r r i t e s ,  a  te c h n iq u e  
s im i la r  to  t h a t  em ployed f o r  th e  o p t i c a l  r e g io n .  E x p re s s io n s  f o r  th e  
com ponents o f th e  p e r m e a b i l i t y  o f f e r r i t e s  w i l l  be  e x te n d e d  i n  t h i s  
c h a p te r  t o  in c lu d e  th o s e  s o l i d  s t a t e  p r o p e r t i e s  im p o r ta n t  a t  f a r  i n f r a ­
re d  f r e q u e n c ie s .
8 .2 .  E le c t ro m a g n e t ic  p r o p a g a t io n  i n  m a g n e tic  m ed ia
Lax and Button®® c o n s id e r e d  a  p la n e  e le c t r o m a g n e t ic  wave w ith  m ag n e tic  
v e c to r  h  to  p a s s  th ro u g h  a  m a g n e t ic a l ly  a n i s o t r o p i c  medium o f  n e g l i g ib l e  
e l e c t r i c a l  c o n d u c t i v i t y ,  p e r m e a b i l i t y  t e n s o r  y and a  s c a l a r  d i e l e c t r i c  
p e r m i t t i v i t y  e .  The p r o p a g a t io n  o f  an  e le c tr o m a g n e t ic  p la n e  wave was 
th e n  d e s c r ib e d  by  th e  M axw ell e q u a t io n s
V/Æ = - j w y . h
and
VAh = jmeE
. . . ( 8 . 1)
F o r a  medium i n f i n i t e  i n  e x t e n t ,  an  e  t im e  depen d en ce  f o r  li and f o r  
th e  e l e c t r i c  f i e l d  v e c to r  ]E was assum ed . Removing ^  from  th e  e q u a t io n s
VaVaH = w^ey . ti 
was o b ta in e d  and e x p re s s e d  a s
-V^h + V(V.li) = w^ey . li . . . ( 8 . 2)
D e f in in g  a  p r o p a g a t io n  c o n s ta n t  f o r  th e  wave by th e  com plex q u a n t i ty
r  = ot + j 3  . . . ( 8 . 3 )
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th e  m a g n e tic  v e c to r  o f th e  wave had th e  s o lu t i o n
i n  w h ich  r_ was th e  d is p la c e m e n t  v e c to r  and n  th e  u n i t  v e c to r  i n  th e  
d i r e c t i o n  o f p r o p a g a t io n .  S u b s t i t u t i n g  t h i s  s o lu t i o n  i n to  e q u a t io n  8 .2  
gave
r^ { -n ^ h  + ( n .h )n }  = w^ey . ti . . . ( 8 . 4 )
In  l a t e r  a n a l y s i s ,  a  g e n e r a l  s o lu t i o n  o f t h i s  e q u a t io n  w i l l  be  r e q u i r e d  
i n  w h ich  no r e s t r i c t i o n  i s  p la c e d  on th e  r e l a t i v e  o r i e n t a t i o n s  o f th e  
m a g n e t is a t io n  and th e  d i r e c t i o n  o f  p r o p a g a t io n  o f  th e  e le c tr o m a g n e t ic  
w ave. H ence, u s in g  e q u a t io n  8 .4  and e x p re s s in g  h  i n  C a r te s i a n  c o o r d in a te s  
and y a s  a  3 X 3 m a t r ix ,  t h r e e  com ponent e q u a t io n s  a re  o b ta in e d
. . . ( 8 . 5 )
The d e te r m in a n t  o f  th e  c o e f f i c i e n t s  o f th e s e  t h r e e  hom ogeneous l i n e a r  
e q u a t io n s  i n  h ^ ,  h ^  and h^  c a n  b e  e q u a te d  t o  z e ro  and th e  e v a lu a t io n  
s im p l i f i e d  by  d e f i n i n g  th e  d i r e c t i o n  o f p r o p a g a t io n  o f  th e  wave t o  be  
a lo n g  th e  Z d i r e c t i o n .  Thus
n  = n  = 0 and  n  = 1 X y  z
and th e  d e te rm in a n t  r e d u c e s  t o  
y z z r “ +Uo<-^e IV yyPzz-" ''xx ''zz"‘'x z ''z x " ‘‘y z ''z y ]^ ^
^()JO“ ^ e )  ^  [j'3jx‘‘yy>'zz‘''''xx*‘y z ''z y ” *‘x z '‘y x '‘zy**‘x z ''y y ''z x ''’* 'xy ''yx ''zz  *'xy*‘yz‘*z
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M aking th e  s u b s t i t u t i o n s  B and C such  t h a t  th e  above e q u a t io n  becomes
y r*  + ygm^EBr^ -  C = 0
zz
th e n  th e  b i q u a d r a t i c  e q u a t io n  i n  T shows two p r o p a g a t io n  modes g iv e n  by
r z ^  = - £ o| ! £  [b ± - ( bZ + 4 0 ^ ] . . . ( 8 . 6)
T hese two modes can  be  r e p r e s e n te d  in  a  fo rm  u sed  by Lax and Button®® 
by d e f in in g  two com plex s c a l a r  p e r m e a b i l i t i e s  as
and
y+ = B + [b^ + 4c |  ^ = y% -  jy"+  
y_ = B -  [b^ + 4C]^ = y"_  -  j y " ^
. . . ( 8 . 7 )
U sing  th e  d e f i n i t i o n  o f T e x p re s s e d  i n  e q u a t io n  8 .3  w i th  th e  p e r m e a b i l i t i e s  
i n  8 .7 ,  Lax and B u tto n  show t h a t  th e  r e a l  and im a g in a ry  p a r t s  o f y i e l d  
th e  s im u lta n e o u s  e q u a t io n s
and
ypN^E
ypw^E
w hich  c a n  b e  s o lv e d  ^to g iv e
and
o+ = & (yow fE)^^(y^2 + yT^Z)* -  y ^  
B+ = i(y o w 2E ) * |( y ^2 + y '^ 2 ) + y ^ *
. . . ( 8 .8)
8 .3 .  M a g n e to -o p tic a l  e f f e c t s
The o p t i c a l  p r o p e r t i e s  o f  p rim e  c o n c e rn  i n  t h i s  i n v e s t i g a t i o n  a r e  th o se  
o f  F a ra d a y  r o t a t i o n  and th e  a s s o c i a te d  l o s s e s .  The n e c e s s a ry  e x p e r im e n ta l  
c o n f i g u r a t io n  i s  one i n  w h ich  th e  m a g n e tic  f i e l d  a p p l ie d  t o  th e  specim en  
i s  p a r a l l e l  t o  th e  p r o p a g a t io n  d i r e c t i o n  o f  th e  e le c tr o m a g n e t ic  w ave.
I n  t h i s  s i t u a t i o n ,  th e  n e t  m a g n e tic  moment o f  th e  d ip o le s  i s  o f t e n  
c o n s id e re d  t o  be  a l ig n e d  a lo n g  th e  p r o p a g a t io n  d i r e c t i o n ,  w h ich  i f  d e f in e d  
a s  th e  Z - d i r e c t i o n ,  l e a d s  to  a  s im p l i f ie d ,  e x p r e s s io n  f o r  th e  p e r m e a b i l i ty  
t e n s o r  a s
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y - j< 0 “
y = yo y 0
_ o 0 1_
a fo rm  r e f e r r e d  to a s  th e P o ld e r te n s o r® ? . I n tr o d u c in g  th e  e le m e n ts  o f 
t h i s  m a t r ix  i n t o  e q u a t io n  8 .4  w i th  th e  c o n d i t io n  t h a t  h^  = 0 ,  Lax and 
Button®® show t h e  r e l a t i o n s h i p  b e tw een  h ^  and h ^  to  be
\  ±
T h is  s o lu t i o n  r e p r e s e n t s  two c i r c u l a r l y  p o l a r i s e d  w av es , w h ich  g iv e s  a  
v a lu e  o f th e  p r o p a g a t io n  c o n s ta n t  f o r  ea ch  p o l a r i s a t i o n  a s
r+ = -  (D^epoCy ± k)
The p o s i t i v e  and n e g a t iv e  s ig n s  d e n o te  th e  o p p o s i te  d i r e c t i o n s  o f 
r o t a t i o n  o f  th e  two w aves and a s  w i th  th e  g e n e ra l  c a s e ,  two s c a l a r  
p e r m e a b i l i t i e s  can  be  e x p re s s e d  i n  te rm s  o f t h e i r  r e a l  and im a g in a ry  p a r t s
and
y +  =  y +  “  j y " +  =  y  +  K 
y _  =  yj^ -  j y " ^  =  y  -  K
. . . ( 8 . 9 )
T hese  can  b e  u se d  i n  8 .8  t o  c a l c u l a t e  th e  com ponents o f th e  p ro p a g a t io n
c o n s ta n t s  w h ic h , i n  g e n e r a l ,  w i l l  b e  d i f f e r e n t  f o r  th e  two c o u n te r -
r o t a t i n g  w av es . Thus a f t e r  t r a v e l l i n g  a  d i s t a n c e  d i n t o  th e  m edium, each
+  —
com ponent w i l l  h av e  r o t a t e d  th ro u g h  a  d i f f e r e n t  a n g le  6 and 6 w ith  
r e s p e c t  to  th e  p o l a r i s a t i o n  o f  th e  i n i t i a l  p la n e  w ave. The r e a l  p a r t  of 
th e  p r o p a g a t io n  c o n s ta n t  i s  d e f in e d  a s  th e  a t t e n u a t i o n  c o n s ta n t  o f th e  
wave w h i le  th e  im a g in a ry  p a r t  i s  th e  p h a se  constan t® ® . Assum ing e q u a l  
a t t e n u a t i o n  f o r  e a c h  o f  th e  two com p o n en ts , th e  n e t  r o t a t i o n  o f  th e  p la n e  
p o l a r i s e d  beam , i l l u s t r a t e d  i n  F ig u re  8 .1 ,  w i l l  be
0 ^ ^ = Y (B_ -  6+) r a d ia n s  p e r  u n i t  le n g th  . . . ( 8 . 10)
T h is  q u a n t i ty  i s  r e f e r r e d  t o  a s  th e  S p e c i f i c  F a rad a y  r o t a t i o n .  I t  i s  
d e s i r a b l e  to  u s e  a  F a ra d a y  r o t a t i o n  d e v ic e  i n  a  r e g io n  o f  low  a b s o r p t io n  
l o s s .  E v a lu a t io n  o f  t h e  a t t e n u a t i o n  c o n s ta n t  a  cm“ ^ , and  th e  F a ra d a y  
r o t a t i o n  p e r  c e n t im e t r e  6^ ., i n  a  m a t e r i a l  e n a b le s  a  f i g u r e  o f  m e r i t  
t o  be  c a l c u la t e d  by d e f i n i n g
F = . . . ( 8 . 11)
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Figure 8 .1 . Nett rotation 8p of the plane of polarisation of a
wave due to unequal phase constants of the two counter- 
rotating components
major ax is  
E +E
Figure 8 .2 . E lllp tlc a lly  polarised wave caused by unequal attenuation 
of the two counter-rotating components
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A s i t u a t i o n  c a n  a r i s e  i n  w h ich  th e  two o p p o s i t e ly  r o t a t i n g  waves 
e x p e r ie n c e  u n e q u a l a t t e n u a t i o n  w hich  r e s u l t s  in  th e  p r o d u c t io n  o f an 
e l l i p t i c a l l y  p o l a r i s e d  t r a n s m i t t e d  beam, a s  i l l u s t r a t e d  i n  F ig u re  8 .2 ,  
The e x i s t e n c e  o f  a  com ponent o f  th e  e l e c t r i c  f i e l d  o r th o g o n a l  t o  th e  
r o t a t e d  p o l a r i s a t i o n  w i l l  re d u c e  th e  m o d u la tio n  d e p th  a t t a i n a b l e  from  
a  r o t a t i o n  d e v ic e .  Thus a  m easu re  o f th e  e l l i p t i c i t y  p ro d u ced  by a 
m a t e r i a l  i s  a  f u r t h e r  p a ra m e te r  n e c e s s a ry  f o r  e v a lu a t in g  th e  u s e f u ln e s s  
o f a  m a t e r i a l  f o r  a  F a ra d a y  r o t a t i o n  d e v ic e .  E l l i p t i c i t y  i s  d e f in e d  in  
te rm s  o f  t h e  e l e c t r i c  f i e l d  com ponents and E_ sho\m  i n  F ig u re  8 .2 ,
as
E+ -  E
E = E^ + E_
w hich  c a n  be  e x p re s s e d  a s
„  / “ Otj.d -o _ d .
^ ° " - a „ d  '  ' - a _ d  '  ( « - -  IE o (e  + + e  )
8 .4 .  S u b l a t t i c e  i n t e r a c t i o n
I t  h a s  b e e n  çhown t h a t  e l l i p t i c i t y  and F a ra d a y  r o t a t i o n  may b e  
r e s p e c t i v e l y  d e s c r ib e d  i n  te rm s  o f  and w h ich  i n  tu r n  can  be 
e x p re s s e d  a s  f u n c t i o n s  o f  th e  p e r m e a b i l i ty  t e n s o r .  A s tu d y  w i l l  t h e r e ­
f o r e  be  u n d e r ta k e n  o f  th e  dep en d en ce  o f th e  e le m e n ts  o f  t h i s  t e n s o r  on 
th e  p r o p e r t i e s  o f  m a g n e tic  m a t e r i a l s .  T h is  w i l l  be  ap p ro a c h e d  by 
ex am in in g  th e  a c t i o n  on th e  c o n s t i t u e n t  m a g n e tic  d ip o le s  o f  th e  medium 
by  th e  v a r i o u s  f i e l d s  p r e s e n t .  To p u rs u e  t h i s  i n v e s t i g a t i o n ,  a  
d e s c r i p t i o n  and  m a th e m a tic a l  f o rm u la t io n  o f  th e  i n t e r n a l  m a g n e tic  f i e l d s  
o f a  s o l i d  a r e  r e v ie w e d ,
8 . 4 . 1 .  I n t e r n a l  f i e l d s
8 . 4 . 1 . 1 .  E xchange f i e l d
The W eiss m o le c u la r  f ie ld ® ^  r e s u l t i n g  from  th e  i n t e r a c t i o n  b e tw een  th e  
e l e c t r o n  s p in s  o f  two m a g n e tic  d ip o le s  i s  e x p la in e d  i n  te rm s  o f  th e  
q u a n tu m -m e c h an ic a l ex ch an g e  f o r c e .  The e n e rg y  Ej ,^ b e tw een  two io n s  
h a v in g  s p in s  and  S j  w as shown by H eisenberg^®  to  be
^EX * f i  • f j
b e in g  t h e  ex ch an g e  i n t e g r a l  w h ich  i s  i n t e r p r e t e d  a s  a  m easu re  o f  th e  
o v e r la p  o f  th e  e l e c t r o n i c  c h a rg e  d i s t r i b u t i o n s .  The m u tu a l e l e c t r o ­
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s t a t i c  r e p u l s io n  o f  th e  two d i s t r i b u t i o n s  i s  r e s p o n s ib le  f o r  th e  
a lig n m e n t o f th e  two s p in s .  The exchange i n t e r a c t i o n  i s  a s h o r t  ra n g e  
f o r c e ,  th e  wave f u n c t io n s  o f th e  e l e c t r o n s  d e c re a s in g  r a p i d l y  w ith  
d i s t a n c e  from  th e  i o n ,  c a u s in g  th e  exchange  i n t e g r a l  to  be a s e n s i t i v e  
f u n c t io n  o f  th e  s e p a r a t i o n .  i s  n e g l i g i b l e  a t  l a r g e  i n t e r - i o n i c  
d i s t a n c e s ,  th e  s u b s ta n c e  b e in g  p a ra m a g n e tic . How ever, a t  s m a l le r  
s p a c in g s ,  th e  i n t e g r a l  i n c r e a s e s  i n  m ag n itu d e  w ith  th e  r e s u l t  t h a t  
s t r o n g e r  p a r a l l e l  a lig n m e n t e n su e s  g iv in g  th e  m a t e r i a l s  a  f e r ro m a g n e tic  
c h a r a c t e r .  A t s t i l l  s m a l le r  s e p a r a t i o n s  becomes n e g a t i v e ,  c a u s in g  
th e  m a g n e tic  d i p o le s  o f a d ja c e n t  i n t e r a c t i n g  io n s  to  a l i g n  th e m se lv e s  
a n t i - p a r a l l e l .  The exchange  i n t e r a c t i o n  w i l l  be  ta k e n  i n t o  a c c o u n t h e re  
by in t r o d u c in g  th e  W eiss m o le c u la r  f i e l d  i n  a  form  p ro p o se d  by  Néel®^ 
in  w h ich  th e  f i e l d  e x p e r ie n c e d  by a  d ip o le  i s  p r o p o r t io n a l  to  th e  
m a g n e t is a t io n  o f  t h e  d ip o le  w i th  w h ich  i t  i s  i n t e r a c t i n g .  T h is  w i l l  
be w r i t t e n  i n  t h e  fo rm
Hj. = XM
w here X i s  d e s c r ib e d  a s  th e  m o le c u la r  f i e l d  c o n s ta n t ,  and ^  r e p r e s e n t s  
th e  m a g n e t i s a t io n  o f  th e  second  d i p o le .
8 . 4 . 1 . 2 .  M a g n e tic  a n is o t r o p y
I t  h a s  b e e n  fo u n d  e x p e r im e n ta l ly  t h a t  some m a t e r i a l s  a r e  e a s i e r  to  
m a g n e tis e  i n  a  c e r t a i n  c r y s t a l l o g r a p h i c  d i r e c t i o n  th a n  i n  o t h e r s .  T h is  
p r o p e r ty  i s  c a l l e d  m a g n e tic  a n is o t r o p y  and c a u se s  p r e f e r e n t i a l  a l ig rm e n t  
o f th e  m a g n e t ic  d ip o le s  a lo n g  t h i s  d i r e c t i o n ,  w h ich  h a s  t h e  e f f e c t  o f 
p r e s e n t in g  an  a d d i t i o n a l  f i e l d  t o  th e  m a g n e tic  s u b l a t t i c e .  C r y s ta l  
d i r e c t i o n s  w h ich  a r e  s a t u r a t e d  by r e l a t i v e l y  low m a g n e tic  f i e l d s  a r e  
term ed  ’ easy*  d i r e c t i o n s  o f m a g n e t i s a t io n ,  w h i l s t  d i r e c t i o n s  n e e d in g  
h ig h e r  f i e l d s  a r e  d e n o te d  a s  'h a rd *  d i r e c t i o n s  o f  m a g n e t is a t io n .  The 
d i f f e r e n c e  i n  e n e rg y  n eed ed  t o  s a t u r a t e  a  m a t e r i a l  i n  th e  e a sy  and h a rd  
d i r e c t i o n s  i s  c a l l e d  th e  a n is o t r o p y  e n e rg y . In  a  c u b ic  sy s te m , th e  
e x p re s s io n
= K i ( a i ^ a 2^ + 02^03% + a g ^ a i^ )  + K 2ai^a2^03^
i s  u sed  to  d e s c r ib e  t h i s  a n is o t r o p y  e n e rg y  w here a j , 02 and 03
a r e  th e  d i r e c t i o n  c o s in e s  o f  th e  m a g n e t is a t io n  w ith  r e s p e c t  t o  th e  QOO] 
ty p e  d i r e c t i o n s ,  and Kj and K2 a r e  a n is o t ro p y  c o n s ta n t s .
The c o n c e p t o f  a n is o t r o p y  f i e l d  can  be  in tro d u c e d  a s  a  f i e l d  w hich
— 181 —
te n d s  t o  a l i g n  th e  m a g n e t is a t io n  M a lo n g  an e a sy  d i r e c t i o n  by c r e a t in g  
a to rq u e  ^  on th e  d ip o le s  a c c o rd in g  to  th e  r e l a t i o n
w here 0 i s  th e  a n g le  o f r o t a t i o n  a b o u t an  a x is  p a r a l l e l  to  th e  M a  h .— —A
v e c to r  and n  i s  th e  u n i t  v e c to r  i n  th e  d i r e c t i o n  o f  T h is  e q u a t io n
how ever d o es  n o t  u n iq u e ly  d e f in e  a s  n  i s  unknown. I n  th e  c u r r e n t  
a n a l y s i s ,  t h e  m ethod o f K it te l® ^  i s  u se d  i n  w h ich  th e  a n is o t r o p y  f i e l d  
i s  e x p re s s e d  i n  te rm s  o f e f f e c t i v e  d e m a g n e tis a t io n  f a c t o r s ,  so  t h a t  ^  
i n  com ponent fo rm  becom es
= k  . . . ( 8 . 1 3 )
8 . 4 . 1 . 3 .  D e m a g n e tis in g  f i e l d
A sp ec im en  p la c e d  i n  an  e x t e r n a l  f i e l d  becom es p o l a r i s e d  and th e  
m a g n e tic  d i p o le s  in d u c e d  on i t s  s u r f a c e  re d u c e  th e  e f f e c t i v e  f i e l d  
s t r e n g t h  w i t h in  t h e  sa m p le . T h is  e f f e c t  w i l l  b e  t r e a t e d  m a th e m a tic a lly  
a s  a  d e m a g n e tis in g  f i e l d  and c a n  be  e x p re s se d ^ ^ » ^ ^  a s
= -  4ttNM . . . ( 8 . 1 4 )
N b e in g  t h e  d e m a g n e tis in g  f a c t o r ,  i t s  v a lu e  b e in g  d e p e n d e n t on th e  
sh ap e  o f  t h e  s a n ç l e .  A p a r t i c u l a r  c a s e  w hich  w i l l  be  u se d  i n  l a t e r  
a n a ly s i s  i s  t h a t  o f  th e  t h i n  s l a b  i n  w h ich  th e  Z a x i s ,  t h e  d i r e c t i o n  o f 
th e  a p p l i e d  f i e l d ,  i s  p e r p e n d ic u la r  t o  t h e  b ro a d  f a c e  o f  th e  c r y s t a l .
H ere t h e  com ponen ts  o f  th e  d e m a g n e tis a t io n  f a c t o r  have  values® ®  o f
N = N = 0 ; N = 1 . . . ( 8 . 1 5 )X  y  z
8 .4 o 2 o  P r e c e s s io n a l  m o tio n
The m a th e m a tic a l  d e s c r i p t i o n  o f th e  e la m e n ts  o f  th e  s u s c e p t i b i l i t y  
t e n s o r  t h a t  f o l lo w s  i s  a p p l i c a b l e  t o  m a t e r i a l s  composed o f  m ore th a n  
one m a g n e tic  s i t e .  I n  su c h  a  m edium , e a c h  ty p e  o f  m a g n e tic  io n ,  s i t u a t e d  
a t  a  s p e c i f i c  c r y s t a l l o g r a p h i c  s i t e ,  fo rm s p a r t  o f  a  s u b l a t t i c e .  Many 
m a g n e tic  m e d ia , in c lu d in g  th e  f e r r im a g n e t i c  g a r n e t s  w h ich  w i l l  be  
s t u d i e d  l a t e r ,  a r e  d e s c r ib e d  by a  m u l t i —s u b l a t t i c e  model®**,.
The s im p le  e q u a t io n  o f  th e  p r e c e s s io n a l  m o tio n  o f  a  m a g n e tic  d ip o le  o f 
m a g n e tic  moment s i t u a t e d  i n  a  m a g n e tic  f i e l d  H^ i s
-1 8 2 -
dM.
= Yi(M. A H .)  . . . ( 8 . 1 6 )
T h is  e q u a t io n  r e f e r s  t o  th e  m o tio n  o f one s p e c i f i c  s u b l a t t i c e  system  
d e n o te d  by  th e  s u b s c r i p t  i .  The g y ro m a g n e tic  r a t i o  o f  th e  d ip o le s  
i n  t h i s  s u b s y s te m , d e f in e d  a s  th e  r a t i o  o f th e  m a g n e tic  moment o f  th e  
d ip o le  t o  i t s  a n g u la r  momentum, i s  e x p re s s e d  i n  g a u s s ia n  u n i t s  as
^ i  “  ®i 2mc •* * (8"17 )
m b e in g  th e  e l e c t r o n i c  m ass , e  th e  e l e c t r o n i c  c h a rg e , c th e  v e l o c i t y  
o f l i g h t  i n  f r e e  sp a c e  and g^ th e  s p e c t r o s c o p ic  s p l i t t i n g  f a c t o r  o f 
th e  sub l a t t i c e .  H^ i s  th e  v e c t o r i a l  sum o f a l l  m a g n e tic  f i e l d s  a c t in g  
on a  d i p o le  i n  th e  i ^ ^  sub  l a t t i c e .  The com ponents o f t h i s  f i e l d  w hich  
o r i g i n a t e  from  th e  m a g n e t is a t io n  o f o th e r  s u b l a t t i c e s  p ro d u ce  a c o l l e c t i o n  
o f c o u p le d  s u b s y s te m s . T h is  c o u p lin g  c a n , i n  th e  c a se  o f f e r r im a g n e t ic  
m ed ia , p r o v id e  t h e  m a jo r  c o n t r i b u t i o n  to  H^.
E q u a tio n  8 .1 6  d o es  n o t  a l lo w  f o r  l o s s e s  in c u r r e d  by th e  p r o c e s s in g  
d i p o le s .  To ta k e  t h i s  i n t o  a c c o u n t ,  a  * damping* te rm  p r o p o r t io n a l  to  
Ma (M ^ )  c a n  b e  in t r o d u c e d .  T h is  i s  a  v e c to r  o r i e n t a t e d  i n  th e  
d i r e c t i o n  r e q u i r e d  to  s u p p ly  a  r e t a r d i n g  to rq u e  to  th e  m o tio n . An 
a c c u r a te  a s su m p tio n  can  b e  made f o r  t i g h t l y  c o u p le d  sy s tem s t h a t  |m | 
re m a in s  constan t® ®  so  t h a t  dM /dt l i e s  i n  th e  p la n e  p e r p e n d ic u la r  to  
M. T h is  a l lo w s  t h e  v e c to r s  MAH and ^ ( ^ H )  to  b e  com bined l i n e a r l y  and 
s o ,  by  i n t r o d u c in g  a  dam ping c o e f f i c i e n t  a ^ ,  an  e x p r e s s io n  can  be  
w r i t t e n
dM.
= Y .(M . A H .) -  a .  M.A(M. A H .) . . . ( 8 . 1 8 )d t  i  —i  —1 X —X —"X —X
T h is  e q u a t io n  was d e r iv e d  by  Landau and L ifsh itz® ®  t o  r e p r e s e n t  th e  
m o tio n  o f a  lo s s y  sy s tem  and i t  w i l l  be  u se d  h e re  t o  o b ta in  th e  
s u s c e p t i b i l i t y  e le m e n ts  o f  m a g n e tic  m ed ia . The c o e f f i c i e n t  h a s  
d im e n s io n s  o f th e  i n v e r s e  o f a n g u la r  momentum and i s  e x p re s s e d  as®®
y
a .  =
X . . . ( 8 . 1 9 )
i n  w h ich  w i s  th e  a n g u la r  f re q u e n c y  o f  th e  p ro b in g  r a d i a t i o n ,  and T^ i s  
in t r o d u c e d  a s  th e  s p in  l a t t i c e  r e l a x a t i o n  tim e  o f th e  s u b l a t t i c e .
F or th e  m icrow ave f re q u e n c y  r e g i o n ,  i t  i s  p o s s ib l e  t o  s im p l i f y  th e  th e o ry  
and r e g a r d  a  f e r r im a g n e t  t o  hav e  th e  p r o p e r t i e s  o f  a  fe r ro m a g n e t by
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c o n s id e r in g  o n ly  th e  n e t  m ag n e tic  moment o f  th e  sy s tem
M = y M. 
— . —i
and by  d e f in in g  an  e f f e c t i v e  g y ro m a g n e tic  r a t i o  a s
'EFF
B e fo re  d e s c r ib in g  a r e l a t i o n s h i p  f o r  th e  s p in  l a t t i c e  r e l a x a t i o n  tim e  
i n  te rm s  o f p a ra m e te rs  w hich  a r e  m e a s u ra b le  a t  m icrow ave f r e q u e n c ie s ,  
th e  r e a s o n s  f o r  t r e a t i n g  m u l t i - s u b l a t t i c e  sy s tem s d i f f e r e n t l y  i n  
d i f f e r e n t  s p e c t r a l  r e g io n s  w i l l  be  o u t l i n e d .
C o n s id e r  th e  s im p l i f i e d  undamped m o tio n  fo rm u la te d  in  e q u a t io n  8 .1 6  
f o r  a  t w o - s u b l a t t i c e  sy s te m . Lax and Button®® show t h a t
and
w here
and
j a m i  =  Y i (M i  +  m j )  a  ( H i  +  h )
jum 2 = Y2 ( %  + m2) A (H2 + W
E l  =
Ho =£ 2
(Ho + H^^ + XM2 ) k
( H o  -  H ^  -  A M i)  k
. . . ( 8 . 20)
The r . f . com ponents o f th e  g y r a t in g  m a g n e tic  d i p o le s  and th e  m a g n e tic  
com ponent o f  th e  p ro b in g  r a d i a t i o n  a r e  assum ed to  v a r y  a s
m. = mo. e  —1 —"1
jo )t
h  = ho e^^^
r e s p e c t i v e l y .  The m a g n e tic  f i e l d s  a t  th e  d i p o l e s ,  and H2 , r e s u l t  
from  t h e  a d d i t i o n  o f th e  a p p l ie d  f i e l d  Hok, th e  a n is o t r o p y  f i e l d s  
H^^k and  -H ^ k ,  and th e  exchange  f i e l d s  AM2k  and -AM ]k. E q u a tio n s  8 .2 0  
c a n  be  e x p re s s e d  i n  te rm s  o f  th e  x  and y com ponents o f  mj and m2 , 
r e s u l t i n g  i n  f o u r  e q u a t io n s  i n  m ^x, ™ly> ™2x m2y .  A s im p l i f i e d  
m a th e m a tic a l  i n t e r p r e t a t i o n  o f th e  s i t u a t i o n  i s  d e s c r ib e d  by d e f in in g
c i r c u l a r l y  r o t a t i n g  q u a n titie s® ®
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and
m."" = m. ± jm .
1 IX  l y
h  = h  ± j h
X y
f i »and m2 can  be s o lv e d  i n  te rm s  o f th e  common r . f .  m a g n e tic  f i e l d
su ch  t h a t
± _ {ü)2 ± Ü) + XY2M2 ly iM jh  
A±
=  -{w i ± Ü) -  AyiMi >Y2M2h'^ 
^  A±
w here
and
A = {w ± w i } { w  ± (1)2 } + X^YiY2^1%  . . . ( 8 . 2 1 )
= Yl'tHo + + XM2 }
0)2 = Y2 tHo ”  -  XMj}
The s o l u t i o n s  o f th e s e  e q u a t io n s  f o r  th e  two s e n se s  o f c i r c u l a r  
p o l a r i s a t i o n  y i e l d  b o th  n e g a t iv e  and p o s i t i v e  v a lu e s  f o r  th e  f re q u e n c y  
and a r e  shown by  Lax and B u tto n  t o  r e p r e s e n t  d i f f e r e n t  modes o f 
p r e c e s s io n .  Two re s o n a n c e  c o n d i t io n s  a r e  fo u n d  by s o lv in g  th e  s e c u la r  
e q u a t io n  o b ta in e d  from  th e  t h i r d  r e l a t i o n  o f  e q u a t io n s  8.21  a s
± {(Ü1 + 0)2 } ti) + 0)10)2 + ^^YlY2^1^2 "  0
The low  (w+) and th e  h ig h  (o)_) v a lu e  s o lu t i o n s  a r e  r e f e r r e d  t o  a s  th e
re s o n a n c e  v a lu e s  o f  th e  f e r r o m a g n e t ic  and f e r r im a g n e t ic  modes 
r e s p e c t i v e l y .  T hese  two s i t u a t i o n s  c a n  be  exam ined s e p a r a t e l y  by u s in g  
th e  e q u a t io n s  8 .21  t o  o b t a in  th e  r a t i o
±
_  - { 0)2 + Xy2^2 -  0)}yiMi
m2"  {o)i -  XyiMi ± 0)>Y2M2
C o n s id e r in g  th e  f e r r o m a g n e t ic  c a s e ,  th e  s i m p l i f i c a t i o n s  0)2 -  -Y2 ^ 1  
and 0)1 -  Y l^ 2  a r e  m ade, and th e  lo w -fre q u e n c y  l i m i t  can  b e  e x p re s s e d  
by
0)^ «  XyM
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+
mi
V ' *
T h is  im p l ie s  t h a t  th e  two d ip o le s  a r e  a l ig n e d  and p r e c e s s  i n  th e  same 
d i r e c t i o n ,  so  a t  low f r e q u e n c ie s  a  f e r r im a g n e t  can  be s tu d ie d  u s in g  
th e  s in g l e  s u b l a t t i c e  m o d e l. T h is  t r e a tm e n t  e n a b le s  th e  p r e c e s s io n  
to  be e x p re s s e d  by
= Ygpp H i , 2 . . . ( 8 . 22 )
show ing t h a t  th e  s e n se  o f  r o t a t i o n  i s  d e te rm in e d  by th e  s ig n  o f 
w hich i s  g e n e r a l l y  n e g a t iv e  and t h e r e f o r e  c o u n te r - c lo c k w is e .
To e v a lu a te  th e  h ig h  f re q u e n c y  c a se  l e t
th e n
W2 ± w .  -
(JÜ1 ± m
The f i r s t  two e q u a t io n s  o f 8 .21 now y i e l d
= -  Ï 1  = _ M i
+
m2
T h is  shows t h a t
Ï 2 Ml
HL f  Mj_
m2 M2
and so th e  a n g le s  o f i n c l i n a t i o n  o f each  o f th e  d ip o le s  t o  th e  d i r e c t i o n  
o f th e  f i e l d  a b o u t w hich  th e y  g y r a te  a re  d i f f e r e n t .  Mi and M2 a re  
a g a in  r o t a t i n g  i n  th e  same s e n s e ,  b u t  i n  a  c lo c k w ise  d i r e c t i o n .  The 
two mo^es a r e  i l l u s t r a t e d  v e c t o r i a l l y  i n  F ig u re  8 .3 .
H aving shown t h a t  f e r r o m a g n e t ic  re s o n a n c e  can  o c c u r  a t  low f r e q u e n c ie s ,
i t  i s  now p o s s ib l e  t o  fo rm  an e x p re s s io n  f o r  th e  s p in  l a t t i c e  r e l a x a t i o n
tim e  i n  te rm s  o f m e a s u ra b le  q u a n t i t i e s .  The l o s s  te rm  i s  in t ro d u c e d  by
a p p ly in g  th e  L a n d a u ^ L if s h i tz  e q u a t io n ,  8 .1 8 ,  to  th e  s im p le  s in g l e
l a t t i c e  m o d e l. A gain  c o n s id e r in g  th e  a p p lie d  f i e l d  Hg, th e  m a g n e t is a t io n
M and th e  p r o p a g a t io n  o f th e  e le c tr o m a g n e t ic  beam to  be d i r e c t e d  a lo n g
th e  Z a x i s ,  b u t  n e g le c t i n g  a n is o t r o p y  and th e  shape  o f th e  sp ec im en ,
8 .1 8  e x p re s s e d  i n  com ponent fo rm  e n a b le s  m^ and m^ t o  be w r i t t e n  in
te rm s  o f  h  and h  . The e le m e n ts  o f th e  s u s c e p t i b i l i t y  t e n s o r  o b ta in e d  
X y
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(m)
(b)
Figure 8 .3 . (a) The low frequency ferromagnetic mode» and (b) the
high frequency exchange mode o f precession In a double 
sublattice system. Reproduced from Geschwind and 
W a lk e r ia i .
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i n  t h i s  way a re  shown by Lax and B u tto n  to  be
{(Dq +
^xx ^^yy
M
and
°  {lOo + -  0.2
i n  g a u s s ia n  u n i t s  w here  = 4ttyM and wg = Y^g and T i s  th e  s p in  l a t t i c e  
r e l a x a t i o n  t im e . As w i th  th e  undamped c a s e ,  i t  i s  c o n v e n ie n t to  
d e s c r ib e  th e  s i t u a t i o n  i n  te rm s  o f two c o u n te r - r o t a t i n g  e le c tr o m a g n e t ic  
f i e l d s  and a l l o c a t e  a  s u s c e p t i b i l i t y  p a ra m e te r  to  e a ch  p o l a r i s a t i o n .  
W rit in g  th e  s u s c e p t i b i l i t y  t e n s o r  as
= X, ± jX ^y = X% -  3 X ' \
f o r  th e  two s e n s e s  o f  c i r c u l a r  p o l a r i s a t i o n ,  and i n s e r t i n g  i n to  th e  
e x p re s s io n s  f o r  and fo u n d  to  be
“ h’*'
X ' '  =
{(i)g -  +  1
T h is  i s  s e e n  to  have a  s i n g u l a r i t y  a t  m = mg. An e x p re s s io n  can  now 
be  fo u n d  f o r  T i n  te rm s  o f  th e  change i n  th e  a p p l ie d  f i e l d  AH, r e q u i r e d  
to  s c a n  a c r o s s  th e  h a l f - w i d th  o f  th e  a b s o r p t io n  l i n e .  S u b s t i t u t i n g  th e  
d e f i n i t i o n  o f  th e  h a l f - w id th
X ':  = I x 'Y
wg±Am ü)g
i n  th e  above e x p r e s s io n ,  b e in g  th e  p eak  v a lu e  o f and+ü)g
d e f in in g
Ù) -  mg = A m / 
th e  c o n d i t io n
Am =  ~  ~  Y • AH . . . ( 8 . 2 3 )
i s  o b ta in e d .  R e fe re n c e  t o  d a ta  o b ta in e d  u s in g  t h i s  e x p re s s io n  and 
w h e th e r  su ch  d a t a  a r e  a p p l i c a b l e  a t  s u b m il l im e tre  f r e q u e n c ie s  w i l l  be  
b e  made i n  l a t e r  c h a p te r s .
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8 . 4 .3 .  S u s c e p t i b i l i t y  o f d o u b le  s u b l a t t i c e  sy stem s
8 . 4 . 3 . 1 .  A n t i - p a r a l l e l  su b sy s te m s
I t  h a s  b een  shown t h a t  i n t e r a c t i o n  b e tw een  f e r r im a g n e t i c  m edia  and 
e le c t r o m a g n e t ic  r a d i a t i o n  a t  h ig h  f r e q u e n c ie s  c a n n o t be  t r e a t e d  a s  a 
s im p le  s i n g l e  l a t t i c e  i n t e r a c t i o n  a s  can  th e  low er f re q u e n c y  f e r r o ­
m a g n e tic  c a s e .  To d e r iv e  a r e a l i s t i c  m o d e l, l o s s  te rm s  m ust be 
c o n s id e re d  w h ile  in t r o d u c in g  th e  m a jo r  f i e l d s  a c t i n g .o n  th e  m a g n e tic  
d i p o l e s .  A n a ly s is  o f t h i s  p ro b lem  was p e rfo rm e d  by  Wangsness®® f o r  
a  d o u b le  s u b l a t t i c e  sy s tem  by  c o n s id e r in g  o n ly  th e  e x t e r n a l l y  a p p l ie d  
f i e l d  and th e  exchange f i e l d s .  The e q u a tio n s
Hi = Hq + XM2  and H2 = Hg + XM%
w ere  s u b s t i t u t e d  i n t o  th e  Landau -  L i f s h i t z  e q u a t io n  8 .1 8  and th e  a p p l ie d
f i e l d  o r i e n t a t e d  i n  th e  Z - d i r e c t i o n  so  t h a t  Hg = H^ and th e  a ssu m p tio n
was made t h a t  = M ..  A gain  th e  r . f .  com ponents o f  H , H , M and Mz ^ X y X y
w ere  e x p re s s e d  a s  b e in g  p r o p o r t io n a l  to  e^ . To s im p l i f y  h i s  e q u a t io n s ,  
W angsness expanded h i s  e x p r e s s io n s  i n  pow ers o f  X^, th e  c o e f f i c i e n t s  o f 
h ig h e r  o r d e r s  b e in g  z e r o .  Frayne^®  d e m o n s tra te d  t h a t  in c lu d in g  te rm s  
in  X o n ly  added  Hg to  e x i s t i n g  te rm s  i n  XM w hich  c o u ld  be  j u s t i f i e d  by 
assum ing  Hg «  XM, b u t  t h a t  th e  o m is s io n  o f  c e r t a i n  te rm s o f z e ro  o rd e r  
o f X rem oved q u a n t i t i e s  in v o lv in g  th e  m o le c u la r  f i e l d  c o e f f i c i e n t  from  
th e  c a l c u l a t i o n .  The r e s u l t  i s  t h a t  th e  m odel i s  a c c u r a te  o n ly  a t  low 
f r e q u e n c ie s .  I n  a  m ore r ig o r o u s  a n a l y s i s ,  th e  b a s ic  e q u a t io n s  o f 
W angsness w ere  expanded by  F ra y n e  t o  in c lu d e  th e  z e ro  and f i r s t  o rd e r  
te rm s  i n  X and e x p re s s io n s  w ere  d e r iv e d  f o r  th e  r e a l  and im a g in a ry  p a r t s  
o f  th e  e le m e n ts  o f th e  s u s c e p t i b i l i t y  t e n s o r  w h ich  a r e  shown i n  
F ig u re  8 .4 .
8 .4 .3 .2 ^  C an ted  su b sy s te m s
The e v a lu a t io n  above h a s  d e s c r ib e d  a  s i t u a t i o n  i n  w h ich  th e  s u b l a t t i c e  
m a g n e t is a t io n  v e c to r s  a r e  a l ig n e d  w i th  th e  e x t e r n a l l y  a p p l ie d  f i e l d .  
H ow ever, f o r  th e  g e n e r a l  c a s e ,  th e  f i e l d s  p r e s e n t  w i th in  th e  m a t e r i a l  
may o r i e n t a t e  th e  m a g n e tic  d i p o le s  away from  th e  e x t e r n a l  f i e l d .  T h is  
c o n c e p t was in tr o d u c e d  i n  s e c t i o n  8 . 4 . 1 .2  on a n is o t r o p y ,  w here i t  was 
s t a t e d  t h a t  a  to rq u e  e x e r te d  on th e  m a g n e tic  v e c to r s  te n d e d  to  r o t a t e  
them  to w a rd s  th e  e a sy  d i r e c t i o n s  o f m a g n e t i s a t io n .  The s i t u a t i o n  i s  
now c o n s id e re d  w here th e  a p p l i e d  and exchange  f i e l d s  to g e th e r  w ith  th e  
a n is o t r o p y  and d e m a g n e tis a t io n  f i e l d s  a r e  ta k e n  i n t o  a c c o u n t . A d o u b le  
s u b l a t t i c e  sy s tem  i s  a n a ly s e d ,  i t s  c o n s t i t u e n t  d ip o le  moments b e in g
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r e p r e s e n te d  by and o r i e n t e d  in  d i r e c t i o n s  d e f in e d  by th e  d i r e c t i o n
i  i  i  , 1 i 1c o s in e s  c o s o i  , c o s &2 > co sag  , and c o s a ^ - ', c o sü 2 , cosag^ r e s p e c t i v e l y .
The m a g n e tic  v e c to r s  a r e  e x p re s s e d  in  te rm s o f  s t a t i c  and o s c i l l a t o r y
com ponents su c h  t h a t  th e  m a g n e t is a t io n  o f th e  i ^ ^  su b sy s te m  i s  w r i t t e n
and s i m i l a r l y  th e  m a g n e tic  f i e l d  a t  th e  d ip o le s  o f th e  i ^ ^  s u b l a t t i c e  
a r e  r e p r e s e n te d  i n  com ponent fo rm  as
=
|x  [^mjyej +HOy-Niy “ ‘ j
-N Tm * -ha* e^^^+M j +mj e ^ ^ ^ l+ hly  ly  Jy  J y  J y
X i s  th e  m o le c u la r  f i e l d  c o e f f i c i e n t  d e s c r ib in g  th e  ex ch an g e  i n t e r a c t i o n  
be tw een  th e  two s u b l a t t i c e s ,  N ^, N^, a r e  th e  d e m a g n e tis a t io n  f a c t o r s  
a r i s i n g  fro m  th e  sh ap e  o f  th e  sp e c im en , N f^ , N i^ ,  a r e  th e  e f f e c t i v e  
d e m a g n e t is a t io n  f a c t o r s  r e p r e s e n t in g  th e  a n is o t r o p y  o f  th e  i ^ ^  sub­
s y s te m , Hq^» BOy, Hq^ a r e  th e  m ag n itu d es  o f  th e  com ponents o f th e  
a p p l ie d  f i e l d  w h ich  f o r  g e n e r a l i t y  i s  g iv e n  an  a r b i t r a r y  o r i e n t a t i o n  and
^ A A
Î »  i »  t  a r e  th e  u n i t  v e c to r s  i n  th e  x ,  y  and z  d i r e c t i o n s  r e s p e c t i v e l y .  
To s in q ) l i f y  th e  v e c to r  m u l t i p l i c a t i o n  a  H^, i t  i s  e x p e d ie n t  to  
s e p a r a te  th e  s t a t i c  and o s c i l l a t o r y  com ponents o f  ^  su ch  t h a t  th e  
o r i e n t a t i o n  o f  th e  s t a t i c  f i e l d  i s  a lo n g  th e  p r e c e s s io n a l  a x is  o f ^  
and so  i s  d e s c r ib e d  by  th e  same d i r e c t i o n  c o s in e s .  The s t a t i c  com ponent 
i s  r e p r e s e n te d  by
-1 9 1 -
|-N i^M i^-N^{M i^+M j^}+XM j^+HoJ cos a i^
+ [-NiyMiy-Ny{Miy+Mjy}+XMjy+HOyj cos az^
+ ^ -Ni^M i^-N^{M i^+M j^)+XM j^+HoJ cos ag^
°  H ..
n .
—1
. . . ( 8 . 2 4 )
TK i s  th e  u n i t  v e c to r  i n  th e  d i r e c t i o n  o f th e  d ip o le  moment and can  be 
e x p re s s e d  a s
1 . 1 *IK = cos  CLi JL + co s  0 2  J_ + COS Og k  
ca n  now be r e p r e s e n te d  in  a  s im p l i f i e d  fo rm  as
+ [i> iy{-N iy-N y} -mijy{-Ny+X }+hyj j .
and th e  m a g n e t i s a t io n  c a n  b e  r e - a r r a n g e d  a s  
^  = (® ix i  + % y  i  + “ i z  + “ i  " i
F o r e a s e  o f  m a n ip u la t io n ,  th e  s u b s t i t u t i o n s
K  = -{ N ix  + N^} , { a i^  = -{ U i^  + N^l ,y  y . a ix  = - { N i :  + N^}
. . . ( 8 . 2 5 )
t x  = 1 -  » x ' by  = X -  Ny.
b = X -  N z z
w i l l  b e  m ade. U sin g  th e  e x p re s s io n s  
i  * i  Ci  ^ A n^ = co s  02 k  -  co s  og
1 72  A n^  ^ = -  co s  o i  Ic + c o s  og ^
1 7 1 7k  A n - = c o s  o i  2  "  cos 02 i_
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and n e g le c t i n g  seco n d  o r d e r  te rm s , th e  v e c to r  p ro d u c t  a i s  found 
to  be
M^ aH^ =
+ |cosa2^m£^-cosai^mj'yj )—(
l^ o s o a ’- [mi^ai^+mj^b^+h J - c o s a i ^  ^mi^ai^ -bnj^b^+h^jlM.
+ ^-cosag^m i^+m i^cosai^j ^
p o s a a ’- j^miyaiy+mjyby+hyj+cosa2^ (®iz®iz'*™Jz’’z'^^zij“ i  
+ ^m £yC osa3^-m £^cosa2^  j
A gain  s u b s t i t u t i o n s  a r e  made to  f a c i l i t a t e  th e  a lg e b r a  by r e p r e s e n t in g  
th e  ab o v e  e q u a t io n  a s
,jw t
M h’- = e ^ “ ^(Ak + Bj + Ci)
The v e c to r  p r o d u c t  M^a (m^ A c a n  now be  c a l c u l a t e d ,  and so  a g a in  
o m it t in g  seco n d  o r d e r  te rm s
M ^A ^-cosai^  2  -  C0S02
r i  ^ i ^ + M UBIcosai k  — co sag  ^1
, i  * i
+M ^Cjcosa2 k  -  co sag  j^l
The above e x p r e s s io n s  f o r  a  and M^a(M^ a  hJ^) may b e  u sed  to  s o lv e  
th e  L a n d a u - L i f s h i tz  e q u a t io n ,  w h ich  w r i t t e n  i n  th e  n o t a t i o n  o f  t h i s  
a n a ly s i s  i s
dM
-= 1 . = y .  A -  a .  a  H ^ )d t  1 — — 1 — — —
In  th e  com ponent fo rm , t h i s  becom es
— 193—
= Y^C -  a^M^(A cos «2^ *“ B co s  ag^)
i  ijwm iy = y^B -  a^M ^(-A cos a j  + C cos ag ) 
iwm i^ = y^A -  a ( B  cos a i ^  -  C cos  02 ^)
w hich  can  be  expanded  and r e - a r r a n g e d  f o r  i  = 1, 2 and j  = 2 , 1 to  
g iv e  a  m a t r ix  e q u a t io n  o f  th e  form
M -
+ F ih y  + Gih^
» 2x + Fghy +
“ ly Esbjj + Fghy + Ggh^
+ Fi,hy + G^h^
“ Iz + F ;h y  + Ggh^
™2z Febjj + Fghy + Ggh^
. . . ( 8 . 2 6 )
w here [dJ i s  a  6 * 6 m a t r ix .  T r e a t in g  th e  e le m e n ts  F i -)-5 and
G 1^6 ad 6 X 1 colum n m a t r i c e s .  A ppendix  V II g iv e s  e x p re s s io n s  f o r  
th e s e  p a ra m e te r s  and f o r  th e  e le m e n ts  o f  [dJ and d e s c r ib e s  a  te c h n iq u e  
w hereby  th e  e q u a t io n s  a r e  r e - a r r a n g e d  i n t o  th e  fo rm
m =  X» h
R e la t in g  th e  e le m e n ts  o f  th e  s u s c e p t i b i l i t y  t e n s o r  x to  th e  
p e r m e a b i l i t y  t e n s o r  by  th e  e q u a t io n
. . . ( 8 . 2 7 )
y = 1 + 4irx . . . ( 8 . 2 8 )
th e  p h a s e  c o n s ta n t s  and h e n c e  th e  F a ra d a y  r o t a t i o n  a r e  c a lc u la b l e  a s  
d e s c r ib e d  i n  A ppendix  V I I .
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chapter  NINE
MAGNETIC PROPERTIES OF THE RARE-EARTH IRON GARNETS
9 .1 .  I n t r o d u c t i o n
As s t a t e d  p r e v i o u s l y ,  an i n v e s t i g a t i o n  o f m a g n e to -o p t ic a l  p r o p e r t i e s  
in  th e  f a r  i n f r a - r e d  was u n d e r ta k e n  on a  num ber o f  i r o n  g a r n e t s .  I n  
t h i s  c h a p te r  a  summary o f th e  s t r u c t u r e  and m a g n e tic  p r o p e r t i e s  o f th e  
g a r n e ts  i s  g iv e n  t o  f a c i l i t a t e  i n t e r p r e t a t i o n  o f th e  e x p e r im e n ta l  
m e a su rem e n ts .
9 .2 .  C r y s ta l  s t r u c t u r e
The fo rm u la  u n i t  o f  a  r a r e - e a r t h  i r o n  ga rne t^^»^®  can  be  w r i t t e n  
RgFe2 (FeOi+) 3 w here  R r e p r e s e n t s  a  t r i v a l e n t  r a r e - e a r t h  io n  o r  a  d i a ­
m a g n e tic  y t t r i u m  io n .  F ig u re  9 .1 ( a ) ^ ^  shows th e  fo rm u la  u n i t  s t r u c t u r e  
o f su ch  a  g a r n e t ,  e i g h t  o f  w hich  occupy th e  u n i t  c e l l .  . The i r o n  io n s  
fo rm  two a n t i - p a r a l l e l  s u b l a t t i c e s ,  tw e n ty - f o u r  o f th e s e  io n s  p e r  u n i t  
c e l l  a r e  lo c a t e d  a t  th e  c e n t r e  o f a  t e t r a h e d r o n  and a r e  d e n o te d  as  
b e in g  s i t u a t e d  a t  "d "  s i t e s ,  and s ix t e e n  a r e  lo c a te d  a t  th e  c e n t r e  o f 
an o c ta h e d ro n ,  c a l l e d  " a "  s i t e s .  E i th e r  r a r e - e a r t h  o r  y t t r iu m  io n s  
occupy th e  c e n t r e  o f  th e  e ig h t - c o r n e r e d  p o ly h e d ro n  shown i n  F ig u re  9 .1 ( a )  
on tw e n ty - f o u r  " c ” s i t e s  p e r  u n i t  c e l l .  T h e re  a r e  n i n e t y - s i x  oxygen 
io n s  i n  a  u n i t  c e l l  on "h "  s i t e s  su c h  t h a t  e a c h  oxygen io n  i s  su rro u n d e d  
by  an  F e 3 + (a )  i o n ,  an  Fe^'*’(d ) io n  and two R 3*(c) i o n s .  F ig u re  9 .1 ( b )  
g iv e s  a  s i m p l i f i e d  v iew  o f  th e  g a r n e t  s t r u c t u r e  show ing i t  t o  be  a  body- 
c e n tr e d  c u b ic  c r y s t a l  o f  " a "  ty p e  io n s  w ith  " c "  and " d ” io n s  on th e  
cube f a c e s .
9 .3 .  M a g n e tic  p r o p e r t i e s
I n  g e n e r a l ,  th e  io n s  o f  e a c h  o f  th e  t h r e e  m a g n e tic  s u b l a t t i c e s  can  
p o s s e s s  a  sp o n ta n e o u s  m a g n e tic  d ip o le  m om ent, b u t  th e  i n t e r a c t i o n  betw een  
th e s e  m a g n e tic  m oments depends on s u p e r-e x c h a n g e  i n t e r a c t i o n  ta k in g  
p la c e  v i a  th e  oxygen  i o n s .  The oxygen io n  h a s  t e n  e l e c t r o n s ,  s i x  o f 
them  i n  th e  2p l a y e r .  The 2p e l e c t r o n s  fo rm  t h r e e  p a i r s ,  th e  e l e c t r o n  
o f  e a ch  p a i r  b e in g  i n  o p p o s i te  s p in  s t a t e s  and o ccu p y in g  o r b i t s  w hich  
o v e r la p  th e  e l e c t r o n  d i s t r i b u t i o n s  o f  n e ig h b o u r in g  io n s .  I n  t h i s  s t a t e  
th e  oxygen io n  c a n n o t ta k e  p a r t  i n  exchange  c o u p lin g  a s  th e  2p la y e r  
i s  f i l l e d .  Kramers^®^ p ro p o se d  t h a t  a t  l e a s t  one o f th e  2p oxygen 
e l e c t r o n s  can  go i n t o  a  v a c a n t  l e v e l  i n  a  n e ig h b o u r in g  io n  le a v in g  th e  
oxygen io n  i n  an  e x c i t e d  s t a t e  so  t h a t  i t  i s  a b le  t o  p a r t a k e  in  
exchange  i n t e r a c t i o n .  I f  th e  o v e r la p  o f  th e  wave f u n c t io n s  i s
-195-
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Figure 9 .1 . (a) Crystal structure of an iron garnet %fithin the
unit c e l l ;  after G illeo and Gel1er**» and (b) a 
sim plified view shows the cubic structure, reproduced 
from Craik and Tebble^®®.
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s u f f i c i e n t  ly  l a r g e ,  a  p e l e c t r o n  from  an oxygen io n  may go o v e r to  an 
a d ja c e n t  io n  and c a u se  f e r r im a g n e t ic  c o u p l in g .  The s t r o n g e s t  s u p e r ­
exchange  i n t e r a c t i o n  t a k e s  p la c e  when th e  a n g le  th e  r e s p e c t i v e  io n s  
make w i th  th e  i n te r s p a c e d  oxygen i s  I# 0° ,  c o r re s p o n d in g  to  a  maximum 
o v e r la p  o f  th e  wave f u n c t i o n s .  The W eiss m o le c u la r - f i e l d  t r e a tm e n t  
can  be u se d  t o  e x p la in  th e  f e r r im a g n e t ic  s i t u a t i o n .  D e n o tin g  th e  io n s  
o c c u p y in g  th e  " a ” , " c "  and "<i" s i t e s  a s  th e  A, C and D s u b l a t t i c e s  
r e s p e c t i v e l y ,  th e  e f f e c t i v e  su p e r-e x c h a n g e  f i e l d  on a  m a g n e tic  d ip o le  
i n  e a c h  o f  th e  s u b l a t t i c e s i s
\  "  ^AA^A ^AC^C * ^A D ^
%  ^D D ^ ^Da\  ^dA
w h e re , i d e n t i f y i n g  any  two o f  th e  t h r e e  s u b l a t t i c e s  A, C and D by i j , 
th e n  X^j i s  th e  m o le c u la r  f i e l d  c o e f f i c i e n t  s ig n i f y in g  an exchange 
f i e l d  a t  a  d ip o le  i n  th e  i^ h  s u b l a t t i c e  due t o  a  m a g n e t is a t io n  Mj in  
th e  j t h  s u b l a t t i c e .  The a n g le s  b e tw een  th e  v a r io u s  su p e r-e x c h a n g e  
l in k a g e s  are®®
Fe® +(a) -  0 ^" -  Fe^+Cd) 1 2 6 .6 °
Fe®+(d) -  q2 -  -  r 3+ (c) 1 2 2 .2 °
R 3+(c) -  02”  -  Fe® +(a) 100°
r 3+ (c) -  -  R®+(c) 1 0 4 .7 °
T h is  shows th e  A-D i n t e r a c t i o n  w hich  a l i g n s  th e  A and D s u b l a t t i c e s  
a n t i - p a r a l l e l ,  t o  b e  r e l a t i v e l y  s t r o n g .  The n e x t  s t r o n g e s t  i s  th e  
D-C a l ig n m e n t .  I t  i s  g e n e r a l l y  c o n s id e re d  t h a t  th e  A and D l a t t i c e s  
a r e  so  t i g h t l y  bound t h a t  th e  two su b sy s te m s  can  be  t r e a t e d  a s  one 
’ e q u iv a l e n t  s u b l a t t i c e *  w i th  a  m a g n e t is a t io n  c o rre s p o n d in g  to  t h a t  o f 
t h r e e  Fe® *(d) io n s  m inus two Fe® *(a) io n s  p e r  fo rm u la  u n i t .  T h is  m odel 
h a s  b e e n  v e r i f i e d  i n  y t t r iu m  i r o n  garnet^®®»^®^»^®^ and e n a b le s  th e  
r a r e - e a r t h  i r o n  g a r n e t s  to  be t r e a t e d  a s  a  two—s u b l a t t i c e  sy s te m , th e  
C-C i n t e r a c t i o n  u s u a l l y  b e in g  c o n s id e re d  n e g l i g i b l e .  V a lu es  o f  th e  
m o le c u la r  f i e l d  c o e f f i c i e n t  have  b een  l i s t e d  by  Anderson^®^ f o r  th e  
s u b l a t t i c e s  o f  y t t r i u m  and g a d o lin iu m  i r o n  g a r n e t s ,  and by Frayne^® 
f o r  th e  c o e f f i c i e n t  b e tw een  th e  r a r e - e a r t h  and th e  ’ e q u iv a le n t*  
f i c t i t i o u s  l a t t i c e s  i n  te rb iu m  and g a d o lin iu m  i r o n  g a r n e ts  d is p la y e d  - 
i n  T a b le  9 .1 .
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T a b le  9 .1
The W eiss m o le c u la r  f i e l d  c o e f f i c i e n t s  i n  y t t r iu m  i r o n  g a rn e t  
and g a d o lin iu m  i r o n  g a r n e t ;  a f t e r  A nderson^
^ad ^aa  . %dd %cd ^dc Xca Xac Xcc
YIG
GdIG
71505
91060
47820
61000
22394
29000 4075 8150 800 800 800
The W eiss m o le c u la r  f i e l d  c o e f f i c i e n t  X, b e tw een  th e  r a r e - e a r t h  
io n  s u b l a t t i c e  and th e  ’e q u iv a l e n t  f e r r i c  s u b la t t i c e *  
in  te rb iu m  i r o n  g a r n e t  and g a d o lin iu m  i r o n  g a r n e t ;  a f t e r  Frayne^®
TbIG
GdIG
1600
1900
Y ttr iu m  h a s  no s p o n ta n e o u s  m a g n e tic  m om ent, th e  t r i v a l e n t  Y®"*" io n  
h a v in g  an  i n e r t  k ry p to n  c o re  so  t h a t  t h e r e  e x i s t s  no u n p a ire d  e le c t r o n  
s p in s ,  t h e  4p la y e r  b e in g  c o n ^ le t e ly  f i l l e d .  The m a g n e tic  p r o p e r t i e s  
o f  y t t r i u m  i r o n  g a r n e t  a r e  t h e r e f o r e  o f t e n  c o n s id e re d  to  be  th o se  o f  
th e  i r o n  l a t t i c e .  The r a r e - e a r t h s  hav e  an in c o n ç le t e  4 f  l a y e r ,  w hich  
i s  p a r t i a l l y  s c re e n e d  by  th e  56 and 5p l a y e r s .  T h is  s c re e n in g  p ro d u c e s  
a  p a r t i a l  o r b i t a l  c o n t r i b u t i o n  to  t h e  m a g n e tic  moment w h ic h , to g e th e r  
w i th  th e  s p in  m a g n e tic  moments o f  th e  4 f  e l e c t r o n s ,  r e s u l t s  i n  a  n e t t  
m a g n e tic  moment a s  shown c a l c u l a t e d  i n  T a b le  9.2^®®. T hese v a lu e s  a r e  
a p p l i c a b l e  a t  a b s o lu t e  z e ro  te m p e ra tu re  b u t  d e c re a s e  w ith  i n c r e a s in g  
te m p e ra tu re  due  t o  th e rm a l  m is a lig n m e n t .
T a b le  9 .2
S p in ,  o r b i t a l  moment and  m a g n e tic  moment o f  r a r e - e a r t h  io n s  
i n  th e  i r o n  g a r n e t s  u se d  i n  th e  p r e s e n t  w ork ; a f t e r  Sm it and Wijn^®®
Sm Gd Tb Dy Ho Er
S ' / 2
3
^ /2 2 ^ /2
L -5 0 3 5 6 6
L+2S 0 7 9 10 10 9
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A l l  th e  r a r e - e a r t h  io n s  shown in  T a b le  9 .2 ,  w i th  th e  e x c e p t io n  o f  
sam arium , h av e  a  m a g n e t is a t io n  g r e a t e r  th a n  t h a t  o f  th e  A-D s u b l a t t i c e  
a t  a b s o lu te  z e r o .  B ecause  o f  th e  r e l a t i v e  s t r e n g th s  o f  th e  s u p e r ­
exchange  l i n k a g e s ,  th e  d e c re a s e  o f  th e  m a g n e tic  moment o f th e  C sub­
sy s tem  w ith  te m p e ra tu re  i s  g r e a t e r  th a n  th e  d e c re a s e  o f  th e  v a lu e  o f  
th e  f e r r i c  s u b l a t t i c e ;  h e n c e  a  c o n d i t io n  a r i s e s  w here th e  m ag n itu d e s  
o f  th e  m a g n e t i s a t io n  o f  th e  two s u b l a t t i c e s  a r e  e q u a l .  B eing  o p p o s i t e ly  
o r i e n t a t e d  th e  m a g n e t is a t io n s  c a n c e l ,  p ro d u c in g  an  a n t i - f e r r o m a g n e t ic  
s t a t e  a t  a  t e m p e ra tu re  u n iq u e  to  ea ch  g a r n e t ,  known a s  th e  ’ co m p en sa tio n  
te m p e ra tu re * .  The n e t t  sp o n ta n e o u s  m a g n e t is a t io n s  o f  th e  i r o n  g a r n e ts  
s tu d ie d  h e re  a r e  shown p l o t t e d  a g a in s t  te m p e ra tu re  i n  F ig u re  9 .2^® ^. In  
l a t e r  a n a l y s i s ,  v a lu e s  f o r  th e  m a g n e t is a t io n  o f  th e  r a r e - e a r t h  io n s  w i l l  
be o b ta in e d  by  c a l c u l a t i n g  th e  d i f f e r e n c e  be tw een  th e  n e t t  m a g n e t is a t io n  
o f  th e  g a r n e t  and th e  c o r re s p o n d in g  v a lu e  f o r  y t t r iu m  i r o n  g a r n e t .
9 .4 .  A n is o tro p y
The m easu rem en ts  o f  th e  m a g n e t is a t io n  o f  r a r e - e a r t h  i r o n  g a r n e ts  made 
by B e r ta u t  and P a u th e n e t^ ® ^ , shown i n  F ig u re  9 .2 ,  w ere made w ith  p o ly -  
c r y s t a l l i n e  sp e c im e n s . The m a g n e t i s a t io n  o f  v a r io u s  g a r n e ts  hav e  been  
m easu red  u s in g  s i n g l e  c r y s t a l s ,  w here  a n is o t r o p y  h a s  b een  shown to  be 
p r e s e n t  and p a r t i c u l a r l y  p ro n o u n ced  a t  low  te m p e r a tu r e s .
At room te m p é ra tu re  th e  g a r n e t s  p o s s e s s  an  e a sy  d i r e c t i o n  o f 
m a g n e t i s a t io n ,  th e  d i r e c t i o n  and a  h a rd  d i r e c t i o n ,  th e  [lOO]
d i r e c t i o n .  H ow ever, t h i s  d o es  n o t  rem a in  th e  c a se  f o r  a l l  th e  g a r n e ts  
o v e r  th e  e n t i r e  f e r r im a g n e t i c  te m p e ra tu re  r a n g e .  H a r r is o n  e t  al.^®® 
h av e  shown t h a t  th e  r e l a t i v e  e a s e  o f  m a g n e t is a t io n  a lo n g  th e  d i f f e r e n t  
c r y s t a l l o g r a p h i c  d i r e c t i o n s  i n  some o f  th e  g a r n e t s  change r ô l e s  a t  
c e r t a i n  t e n ç e r a t u r e s .  An e x a n p le  i s  shown i n  F ig u re  9 .3  i n  w hich  th e  
e a s y  d i r e c t i o n  o f  m a g n e t is a t io n  i n  sam arium  i r o n  g a r n e t  changes from  
th e  [ i l l ]  d i r e c t i o n  a t  81°K to  [u o ] a t  5 8 .6 °K , w h i le  th e  h a rd  d i r e c t i o n ,  
u s u a l ly  th e  [lOO] d i r e c t i o n ,  ch an g es t o  th e  Q 11] d i r e c t i o n  when th e  
t e n p e r a tu r e  i s  lo w e re d  t o  2 3 .6 °K . F o r th e  r a r e - e a r t h  i r o n  g a r n e t s ,  th e  
Kj c o e f f i c i e n t  i s  th e  m a jo r  c o n t r i b u to r  t o  th e  a n is o t r o p y  a lth o u g h  th e  
K2 te rm  i n c r e a s e s  i n  im p o r ta n c e  a t  low  te m p e r a tu r e s . V a lu es  o f  
m easu red  by  Pearson^®® and shown in  F ig u re  9 .4  w i l l  b e  d is c u s s e d  i n  
C h a p te r  E le v e n  when a n a ly s in g  th e  e f f e c t s  o f  a n is o t r o p y  on F a rad a y  
r o t a t i o n .
9 .5 .  F a r  i n f r a - r e d  s p e c t r a  o f  i r o n  g a r n e t s
A b r i e f  e x a m in a t io n  o f  th e  f a r  i n f r a - r e d  s p e c t r a  o f  th e  g a r n e ts
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Figure 9 .2 . Spontaneous magnetisation In Bohr magnetons per two 
formula units against temperature In Iron garnets of 
(1) dysprosium, (11) terbium, (111) gadolinium,
(1v) yttrium, (v) samarium, (v1) erbium, and 
(v11) holmium. After Bertaut and Pauthenet'®^.
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Figure 9 .3 . Spontaneous magnetisation in single crystal specimens 
of samarium iron garnet against applied magnetic f ie ld  
at (a) 23 .6%  (b) 4 3 .9 %  (g) 58 .6%  and (d) 81%  
Magnetisation In Bohr magnetons per two formula units. 
After Harrison e t  a l.**# .
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Figure 9 .4 . Variation o f the f ir s t  anisotropy constant with 
temperature of iron garnets o f (a ) ( i)  samarium,
( i i )  dysprosium, ( i i i )  holmium, (iv ) terbium,
(v) gadolinium, and (b ){i) erbium, and ( i i )  yttrium. 
After Pearsonio*
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i n v e s t i g a t e d  w i l l  b e  made in  C h a p te r  E le v e n  to  a s s e s s  th e  p o s s ib l e  
e f f e c t  on th e  t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  th e  m ag n e to -o p tic a l 
p r o p e r t i e s .  The s u b m il l im e tr e  s p e c t r a  a r e  t h e r e f o r e  re p ro d u c e d  h e re  
f i r s t l y  i n  F ig u re  9 .5  from  th e  w ork o f  Yamamoto, Sm ith  and B ell^^®  f o r  
d y sp ro s iu m  i r o n  g a r n e t .  F ig u re  9 .5 ( a )  shows th e  f re q u e n c y  v a r i a t i o n  
o f  th e  a b s o r p t io n  l i n e s  w i th  a p p l ie d  m a g n e tic  f i e l d  a t  te m p e ra tu re s  
be tw een  1 .6  and 4 .2 °K . No s i g n i f i c a n t  change w ith  te m p e ra tu re  was 
o b se rv e d  i n  t h i s  r a n g e .  The v a r i a t i o n  a t  h ig h e r  te m p e ra tu re s  i s  
i l l u s t r a t e d  i n  F ig u re  9 .5 ( b )  f o r  c o n d i t io n s  o f  z e ro  m a g n e tic  f i e l d .  
Yamamoto e t  a l.^ ^ ®  a l s o  i n v e s t i g a t e d  te rb iu m  i r o n  g a rn e t  and o b se rv e d  
th e  l i n e s  shown in  T a b le  9 .3 .  B ecause  o f  l im i t e d  e x p e r im e n ta t io n ,  
th e s e  a b s o r p t io n  f e a t u r e s  w ere  o n ly  m easu red  a t  4 .2 °K  in  th e  a b sen c e  o f 
an a p p l ie d  f i e l d ,  th e  36 cm~^ a b s o r p t io n  b e in g  d e s c r ib e d  as w eak.
The s p e c t r a  o f  e rb iu m , sam arium  and holm ium  i r o n  g a r n e t s  w ere m easu red  
by S ie v e r s  and Tinkham ^^^ and a r e  r e p ro d u c e d  i n  F ig u re  9 .6 .  Only th e  
t e n p e r a tu r e  v a r i a t i o n  o f  th e  a b s o r p t io n  l i n e s  i n  th e s e  g a r n e ts  was 
m easu red  w ith o u t  an a p p l ie d  m a g n e tic  f i e l d .  G ado lin ium  i r o n  g a rn e t  was 
a l s o  i n v e s t i g a t e d  and o n ly  one f a r  i n f r a - r e d  l i n e  was o b se rv e d  w h ich  i s  
l i s t e d  i n  T a b le  9 .3 .
T a b le  9 .3
F a r  i n f r a - r e d  s p e c t r a l  l i n e s  
i n  te rb iu m  and g a d o lin iu m  i r o n  g a r n e ts
I r o n  g a r n e t Wave num ber 
cm“ ^
T e m p era tu re
°K
R e fe re n c e
te rb iu m 36 4 .2 110
6 8 .5 4 .2 110
g a d o lin iu m ~80 2 111
E l e c t r o n i c  and f e r r im a g n e t i c  r e s o n a n c e  a b s o r p t io n  l i n e s  i n  th e  r a r e -  
e a r t h  i r o n  g a r n e t s  a r e  due t o  th e  r a r e - e a r t h  io n  s i t u a t e d  in  th e  exchange 
f i e l d ^ l l .  F o r  th e  d ia m a g n e tic  y t t r i u m  io n  su c h  p r o p e r t i e s  do n o t  e x i s t  
and th e  m ain  c o n t r i b u to r  t o  th e  s p e c tru m  o f  y t t r iu m  i r o n  g a r n e t  i n  th e  
f a r  i n f r a - r e d  a r e  th e  a c o u s t i c a l  modes A lth o u g h  v a lu e s  f o r  th e
a t t e n u a t i o n  c o e f f i c i e n t  w ere  n o t  o b ta in e d ,  th e  t r a n s m is s io n  m easu rem en ts  
i n  y t t r i u m  i r o n  g a r n e t  a t  891 GHz d e s c r ib e d  i n  th e  n e x t  c h a p te r  s u g g e s t
t h a t  no s t r o n g  a b s o r p t io n  f e a t u r e  e x i s t s  n e a r  th e  l a s e r  f re q u e n c y .
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Figure 9 .5 . Variation o f the wave numbers o f absorption lines In
dysprosium Iron garnet with (a) magnetic f ie ld  at 4.2°K, 
and (b) temperature a t zero magnetic f ie ld . After 
Yamamoto e t  a l.i**»
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Figure 9 .6 . Variation with temperature o f the wave numbers of  
absorption lin es in  Iron garnets o f (a) erbium#
(b) samarium# and (c) holmium. Measurements made 
by Sievers and Tinkham”*^ with zero magnetic f ie ld .
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CHAPTER TEN 
MAGNETO-OPTICAL MEASUREMENTS
1 0 .1 o I n t r o d u c t i o n
M a g n e to - o p tic a l  p a ra m e te rs  w ere o b se rv e d  a t  a  w a v e le n g th  o f  337 ym in  
s e v e r a l  i r o n  g a r n e t s  o v e r  a  ra n g e  o f  t e m p e r a tu r e s ,  th e  p r i n c i p a l  
m easu rem en ts  made b e in g  th o s e  o f  F a ra d a y  r o t a t i o n  and a t t e n u a t i o n .
O th e r  p a ra m e te r s  o b ta in e d  in c lu d e  th e  r e f r a c t i v e  in d e x  and r e f l e c t i o n  
c o e f f i c i e n t ,  and i n  two o f  th e  g a r n e ts  th e  d i f f e r e n c e  i n  a t t e n u a t i o n  o f 
th e  two c o u n t e r - r o t a t i n g  w aves was s u f f i c i e n t l y  l a r g e  to  e n a b le  th e  
e l l i p t i c i t y  t o  be m ea su red .
1 0 .2 . The c r y o s t a t
C o n t r o l le d  te m p e ra tu re  e x p e r im e n ts  w ere  p e rfo rm e d  u s in g  an O xford  
In s t r u m e n ts  c r y o s t a t  i l l u s t r a t e d  s c h e m a t ic a l ly  i n  F ig u re  1 0 .1,. Two con­
c e n t r i c  Dewar f l a s k s  w ere  f i l l e d  w i th  l i q u i d  n i t r o g e n  and h e a t  was 
co n d u c te d  away from  th e  g a r n e t  c r y s t a l  t o  th e  in n e r  Dewar v i a  a  column 
o f  h e liu m  g a s  w h ich  was su rro u n d e d  by  a  c o p p e r s h i e l d  to  m in im ise  h e a t  
r a d i a t i o n  from  th e  o u t e r  s h e l l  o f  th e  c r y o s t a t  r e a c h in g  th e  column and 
th e  c r y s t a l .  R a d ia t io n  from  an  HCN l a s e r  was g u id e d  th ro u g h  th e  c r y o s t a t  
by s t a i n l e s s  s t e e l  l i g h t - p i p e s  w h ich  e n te r e d  th e  c r y o s t a t  th ro u g h  r o t a t a b l e  
vacuum  s e a l s .
The te m p e ra tu re  o f  th e  c r y s t a l  was m easu red  u s in g  a  g o ld  (w hich c o n ta in e d  
0.03% i r o n )  t o  Chrome1 th e rm o c o u p le , th e  o u tp u t  o f  w hich  was fe d  t o  an 
O xford  I n s t r u m e n ts  te m p e ra tu re  c o n t r o l l e r .  T h is  in s t ru m e n t  m a in ta in e d  
th e  g a r n e t  sp ec im en  a t  a  s e l e c t e d  te m p e ra tu re  by  s u p p ly in g  pow er t o  a  
h e a t in g  c o i l  s i t u a t e d  n e a r  th e  c r y s t a l .  T e m p era tu re  s t a b i l i s a t i o n  was 
a c c u r a te  t o  ± 0 .25°K  a t  90°K , w h ile  i n c r e a s i n g  to  ±1°K a t  300°K.
1 0 .3 . F a ra d a y  r o t a t i o n
R a d ia t io n  from  th e  l a s e r  was fo c u s e d  by  a  p o ly th e n e  le n s  i n t o  a  
t a p e r e d  l i g h t - p i p e  c o n n e c te d  to  a  tu b e  e n t e r in g  th e  c r y o s t a t .  To e n s u re  
good p o l a r i s a t i o n  o f  th e  beam a f t e r  p a s s in g  th ro u g h  th e  l i g h t - p i p e ,  a  
p o l a r i s e r  was p la c e d  in s i d e  th e  c r y o s t a t  a c r o s s  th e  end  o f th e  p ip e .
The p o l a r i s e r  was o f th e  ty p e  d e s c r ib e d  in  s e c t i o n  5 .2  w hich  com prised  
a  s e r i e s  o f  g o ld  l i n e s  on a  M e lin ex  f i l m .  To a r ra n g e  f o r  th e  m a g n e tic  
f i e l d  and th e  p ro p a g a t io n  d i r e c t i o n  o f  th e  beam to  be p a r a l l e l ,  th e  
in p u t  and o u tp u t  l i g h t - p i p e s  w ere p a s se d  th ro u g h  th e  b o re d —o u t c e n t r e s  
o f  th e  p o le s  o f  an  e le c tr o m a g n e t ,  a s  shown i n  F ig u re  1 0 .2 . To f in d
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Figure 1D.1. Schematic view of the cryostat showing the concentric 
Dewars and helium column together with the vacuum and 
helium admittance systems
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th e  p o l a r i s a t i o n  o f th e  beam t r a n s m i t t e d  th ro u g h  th e  g a r n e t ,  a s im i la r  
p o l a r i s e r  was p la c e d  i n  th e  c r y o s t a t  o v e r  th e  o u tp u t  l i g h t - p i p e  to  a c t  
as  an a n a ly s e r .  An a n g le  c o r re s p o n d in g  to  minimum t r a n s m i t t e d  s ig n a l  
was found  by r o t a t i n g  th e  a n a ly s e r  t o  g iv e  an e q u a l  s ig n a l  on e i t h e r  
s id e  o f th e  minimum. R e p e a tin g  t h i s  p r o c e s s  a  number o f  tim es  w ith  
th e  a p p l ie d  f i e l d  p a r a l l e l  to  th e  p r o p a g a t io n  d i r e c t i o n  and fo llo w e d  by 
th e  two b e in g  a n t i - p a r a l l e l ,  "the F a ra d a y  r o t a t i o n  was m easu red  to  an 
a c c u ra c y  o f  ± 0 .5 ° .  The c o n v e n tio n  em ployed was t h a t  th e  r o t a t i o n  i s  
p o s i t i v e  when c lo c k w is e ,  v iew ed  a lo n g  th e  p ro p a g a t io n  d i r e c t i o n ,  when 
th e  p r o p a g a t io n  d i r e c t i o n  and a p p l ie d  f i e l d  a r e  p a r a l l e l .
F a ra d a y  r o t a t i o n  was m easu red  b e tw een  90°K and 350°K in  th e  Q 1 i j  and 
[ n o ]  d i r e c t i o n s  i n  s i n g l e  c r y s t a l s  o f  y t t r i u m ,  d y sp ro s iu m , g a d o lin iu m , 
holmium  and te rb iu m  i r o n  g a r n e t s .  T hese  m ea su rem e n ts , d is p la y e d  in  
F ig u re s  10 .3  to  10 .7  a s  s p e c i f i c  F a ra d a y  r o t a t i o n ,  w ere o b ta in e d  when 
a p p ly in g  th e  maximum f i e l d  o b ta in a b le  fro m  th e  e le c tr o m a g n e t ,  o f 
4 .3  koe a t  th e  sp ec im en . T h is  was r e g a rd e d  a s  s u f f i c i e n t  to  m a g n e t ic a l ly  
s a t u r a t e  th e  i r o n  g a r n e t s  a t  room  te m p e ra tu re  and a b o v e , b u t  n o t 
n e c e s s a r i l y  h ig h  enough to  s a t u r a t e  a l l  sam p les a t  th e  low te m p e ra tu re s .  
To o b s e rv e  t h i s  p r o p e r t y ,  th e  r o t a t i o n  was m easu red  in  some c r y s t a l s  a t  
f ix e d  te m p e ra tu re s  w h i le  v a ry in g  th e  a p p l ie d  f i e l d .  F ig u re s  10 .8  to
10.11 show t h a t  i n  th e  r e g io n  o f  100°K and b e lo w , r o t a t i o n  in  m ost o f 
th e  g a r n e t  specim en  i s  s t i l l  i n c r e a s i n g  w i th  f i e l d  a t  4 .3  k o e , w h ile  
s a t u r a t i o n  a p p e a rs  to  be  o b ta in e d  a t  h ig h e r  t e m p e ra tu re s .  An im p o r ta n t  
f a c t o r  i n  d e te rm in in g  th e  s w i tc h in g  sp e e d  o f  a  m o d u la tio n  d e v ic e  i s  th e  
r a t e  o f  i n c r e a s e  o f  r o t a t i o n  w i th  f i e l d .  T h is  i s  s e e n  t o  be g r e a t e s t  
a t  th e  h ig h e r  t e n p e r a t u r e s .
D a ta  o b ta in e d  by F ra y n e  on F a ra d a y  r o t a t i o n  in  samariu m  and e rb iu m  i r o n  
g a rn e ts  w i th  an  4*5 koe a p p l ie d  m a g n e tic  f i e l d  a r e  p r e s e n te d  i n  F ig u re s
10.12  and 10 .13  a s  th e  a t t e n u a t i o n  c o n s ta n t s  o f  th e s e  m a t e r i a l s  w ere 
m easu red  a s  p a r t  o f  th e  c u r r e n t  program m e to  e n a b le  f ig u r e s  o f m e r i t  to  
be c a l c u l a t e d .  An a n a ly s i s  o f  th e s e  F a ra d a y  r o t a t i o n  m easu rem en ts w i l l  
be p u rsu e d  in  th e  n e x t  c h a p te r .
1 0 .4 . T ra n sm is s io n  m easu rem en ts
To m easu re  th e  t r a n s m is s io n  c o e f f i c i e n t  o f  th e  v a r io u s  i r o n  g a r n e ts  
a t  337 pm, th e  p o l a r i s e r s  w ere  rem oved from  th e  l i g h t - p i p e s  and a 
M elin ex  beam s p l i t t e r  was p la c e d  i n  f r o n t  o f  th e  ta p e r e d  in p u t  l i g h t ­
p ip e .  M o n ito r in g  th e  i n t e n s i t y  o f  th e  r a d i a t i o n  r e f l e c t e d  from  t h i s  
beam s p l i t t e r  i n  th e  m anner shown i n  F ig u re  10 ,14  a llo w e d  th e  i n t e n s i t y  
o f  th e  beam p a s s in g  th ro u g h  th e  c r y o s t a t  t o  be  c a l i b r a t e d  i n  te rm s o f
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Figure 10.3. Measured Faraday rotation at 691 GHz In yttrium iron
garnet against temperature. Applied magnetic f ie ld
4.3 koe.
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Figure 10.5, Measured Faraday rotation at 891 GHz in gadolinium
iron garnet against temperature. Applied magnetic
f ie ld ,  4 .3  koe.
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Figure 10.8, Measured Faraday rotation at 891 GHz In ^trlum  Iron
garnet against applied magnetic f ie ld . %1IQ]
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Figure 10.9. Measured Faraday rotation at 891 GHz in dysprosium 
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direction, ( i )  100®K, ( i i )  222°K, and ( i i i )  300°K
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Figure 10.10. Measured Faraday rotation at 891 GHz In gadolinium 
Iron garnet against applied magnetic f ie ld  at 100°K. 
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Figure 10.14. Experimental arrangement for measuring the
transmission In an Iron garnet specimen. To compare 
the in ten sity  o f the radiation from the crystal with 
that of the monitor# the opaque screen Is  moved between 
positions 1 and 2.
-2 2 0 -
p e rc e n ta g e  t r a n s m is s io n  th ro u g h  a  c r y s t a l .  F o r  e a ch  o r i e n t a t i o n  o f 
th e  g a r n e t s  s tu d i e d ,  th e  t r a n s m is s io n  was m easu red  f o r  two sam ples
o f  d i f f e r e n t  th ic k n e s s  d2^2* T h is  e n a b le d  th e  e x p r e s s io n s  o f  B o re ts  
and G r in e ra ^ ^ ^  d e s c r ib in g  t r a n s m is s io n  o f  e le c t r o m a g n e t ic  r a d i a t i o n  in  
a  p a r a l l e l - s i d e d  s la b  o f  lo s s y  d i e l e c t r i c  medium to  be u se d  a s
T i ,2  = (1 -  . . . ( 1 0 . 1 )
w here r  i s  th e  i n t e n s i t y  r e f l e c t i o n  c o e f f i c i e n t  and a  i s  th e  a t t e n u a t i o n  
c o n s ta n t  c a l c u l a t e d  from
_
“  “  d i  -  d2 . . .  (1 0 .2 )
T hese r e l a t i o n s h i p s  ta k e  i n t o  a c c o u n t m u l t i p l e  r e f l e c t i o n s  w i th in  th e
sam ple w h ich  m ust s a t i s f y  th e  c o n d i t io n  ad ^ 1 .6 .  The a b s o r p t io n  and
r e f l e c t i o n  c o e f f i c i e n t s ,  t o g e t h e r  w i th  th e  r e f r a c t i v e  in d e x  c a lc u la t e d  
from
. . . ( 1 0 . 3 )
w ere  e v a lu a te d  a s  d e s c r ib e d  i n  A ppendix  V f o r  d y sp ro s iu m , g a d o lin iu m , 
holm ium , e rb iu m  and sam arium  i r o n  g a r n e t s  and a r e  d is p la y e d  in  
F ig u re s  10 .15  t o  1 0 ,1 9 . L a rg e  e r r o r s  w ere in c u r r e d  in  th e  m easu rem en ts 
shown i n  F ig u re s  10 .15  t o  1 0 .1 9 , w h ich  w ere  m a in ly  due to  th e  no rm al 
in c id e n c e  te c h n iq u e  t h a t  had  to  b e  em ployed i n  th e  c r y o s t a t .  An 
e v a lu a t i o n  o f  t h i s  m ethod was c a r r i e d  o u t  by  O s w a l d ^ H e  showed t h a t  
f o r  a  s p e c i f i c  v a lu e  o f  d i / ^ g ,  an  optim um  v a lu e  o f  th e  p ro d u c t  ad e x i s t s  
f o r  d e te rm in in g  a ,  and t h a t  th e  a c c u ra c y  f a l l s  r a p i d l y  a s  ad d e v ia te s  
from  t h i s  c o n d i t io n .
B ecause  two sp ec im en s  o f  s u f f i c i e n t l y  d i f f e r e n t  th ic k n e s s  w ere n o t  
a v a i l a b l e  f o r  e a c h  o f  th e  y t t r i u m  and te rb iu m  i r o n  g a r n e t s ,  o n ly  t r a n s ­
m is s io n  m easu rem en ts  a r e  p r e s e n t e d ,  w h ich  a r e  shown i n  F ig u re s  1 0 .2 0 (a )  
and 1 0 .2 0 (b )  r e s p e c t i v e l y .  T ra n s m is s io n  m easu rem en ts  made by F ray n e  a r e  
re p ro d u c e d  in  F ig u re  10.21 f o r  e rb iu m  and sam arium  i r o n  g a r n e t s .
A lth o u g h  a t t e n u a t i o n  and r e f l e c t i o n  c o e f f i c i e n t s  a r e  g iv e n  i n  F ig u re s  
10 .18  and 10 .19  f o r  th e s e  two g a r n e t s .  F ig u re  10.21 i s  in c lu d e d  a s  much 
low er te m p e ra tu re s  w ere  o b ta in e d .  I t  m ust be  n o te d  t h a t  a  6 .5  koe 
m a g n e tic  f i e l d  was a p p l ie d  to  th e  g a r n e t  sp ec im en s i n  th e s e  e x p e r im e n ts  
a t  r i g h t  a n g le s  t o  th e  p r o p a g a t io n  d i r e c t i o n  o f  th e  r a d i a t i o n .
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Figure 10.15. (a) Attenuation coeffic ien t, (bl reflection
c o e ffic ien t, and (c) refractive index, at 891 GHz in 
dysprosium Iron garnet against temperature, [ i l l ]  
direction . Applied magnetic f ie ld  4.3 koe.
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Figure 10.16. (a) Attenuation co e ffic ien t, (b) reflection coeffic ien t,
and (c) refractive Index, at 891 GHz of gadolinium Iron 
garnet against temperature. Qio] direction. Applied 
magnetic f ie ld  4 .3  koe.
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Figure 10.17. (a) Attenuation co effic ien t, (b) reflection  coeffic ien t,
and (c) refractive Index, at 891 GHz of holnlum Iron 
garnet against temperature, [ l l l j  direction. Applied 
magnetic f ie ld  4.3 koe.
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Figure 10.18. (a) Attenuation co effic ien t, (b) reflection
c o e ffic ien t, and (c) refractive Index, a t 891 GHz In 
erbium Iron garnet-Against température. [11^ 
direction . Applied magnetic f ie ld  4 .3  koe.
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Figure 10.19. (a) Attenuation coeffic ien t, (b) reflection  c o e ffic ien t,
and (c) refractive index, at 891 GHz of samarium iron 
garnet against temperature, [ i l l ]  direction. Applied 
magnetic f ie ld  4.3 koe.
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Figure 10.20. Transmission at 891 GHz against temperature In
(a) a 2.6 mm thick sample o f  yttrium iron garnet In 
a [ 111]  d irection , and (b) a 2.0 mm thick sample of 
terbium Iron garnet In a p l6 ]  direction. Applied 
magnetic f ie ld  4 .3  koe.
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Figure 10.21. Temperature dependence of the ratio  of the transmissions 
at 891 GHz with a transversely applied f ie ld  to that 
with zero applied f ie ld  In (a) a TlOCQ direction In 
erbium Iron garnet and (b) a j l l l j  direction In samarium 
Iron garnet* Applied f ie ld  6 .5  koe* Measurements #mde 
by Frayne*
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The a t t e n u a t i o n  c o n s t a n t s ,  t o g e th e r  w i th  th e  c o r re s p o n d in g  v a lu e  o f 
th e  s p e c i f i c  F a ra d a y  r o t a t i o n ,  have  b een  u sed  to  o b t a in  a  f i g u r e  o f 
m e r i t  f o r  th e  g a r n e t s ,  th e  m odulus o f  w h ich  i s  p l o t t e d  a g a in s t  
te m p e ra tu re  i n  F ig u re  1 0 .2 2 , Of th e  f i v e  g a r n e t  ty p e s  o f  w h ich  a d e q u a te  
in fo r m a t io n  was a t t a i n e d ,  sam arium  i r o n  g a r n e t  i s  s e e n  to  p o s s e s s  a  
s u p e r io r  p e rfo rm a n c e  o v e r  th e  e n t i r e  e x p e r im e n ta l  te m p e ra tu re  r a n g e .
F o r th e  t h e o r e t i c a l  a n a ly s i s  o f  F a ra d a y  r o t a t i o n  t h a t  f o l lo w s  in  th e  n e x t  
c h a p te r ,  th e  c a l c u l a t i o n s  p e rfo rm e d  r e q u i r e  a  know ledge o f  th e  r e q u i r e d  
r e f r a c t i v e  in d e x  o f th e  g a r n e t s .  W ith  th e  e x c e p t io n  o f  e rb iu m  i r o n  g a rn e t  
and holm ium  i r o n  g a r n e t  a t  low te m p e r a tu r e s ,  t h i s  v a r i a t i o n  i s  s e e n  to  
be s l i g h t  o v e r  m ost o f  th e  e x p e r im e n ta l  te m p e ra tu re  r a n g e .  B ecause o f 
th e  l a r g e  e r r o r s  i n  th e  n o rm al in c id e n c e  m easu rem en t t e c h n iq u e ,  an 
i n t e r f e r o m e t r i c  m ethod was u se d  to  c o n firm  th e  m easu rem en ts o f r e f r a c t i v e  
in d e x  a t  room  te m p e ra tu re .
1 0 .5 . I n t e r f e r o m e t r i c  m easu rem en t o f  r e f r a c t i v e  in d e x
F ig u re  1 0 .2 3 (a )  shows th e  a rra n g e m e n t o f  a  M icheI s o n  in te r f e r o m e te r  
w here a  g a r n e t  o f  th ic k n e s s  d was m ounted a c r o s s  an  i r i s  p la c e d  in  one 
arm . In  th e  seco n d  arm , a  s im i l a r  i r i s  was i n s e r t e d  and an  a t t e n u a t o r  
was in t r o d u c e d  to  b a la n c e  th e  l o s s e s  c a u se d  by th e  g a r n e t .  I l lu m in a te d  
by a p la n e  w a v e f ro n t  from  an  HCN l a s e r ,  a  change o f  o p t i c a l  p a th  c r e a te d  
by r o t a t i n g  th e  g a r n e t  a b o u t a  v e r t i c a l  a x i s  a s  i l l u s t r a t e d  i n  
F ig u re  1 0 .2 3 ( b ) ,  e n a b le d  th e  num ber N o f  e a ch  minimum o u tp u t  •from th e  
in te r f e r o m e te r  t o  be p l o t t e d  a g a in s t  th e  a n g le  o f r o t a t i o n .  The 
r e f r a c t i v e  in d e x  y o f  th e  g a r n e t s  was th u s  o b ta in e d  from  th e  r e l a t i o n s h i p
i(2N —1) = d | j y ^  — s in ^  6} — cos 6 -  y + ÎJ
w here 6 i s  th e  a n g le  b e tw een  th e  n o rm a l t o  th e  c r y s t a l  f a c e  and th e  
d i r e c t i o n  o f  th e  i n c i d e n t  r a d i a t i o n ,  X i s  th e  f r e e - s p a c e  w a v e le n g th  and 
0 = 0 °  c o r re s p o n d s  to  a  c o n d i t io n  o f  c o n s t r u c t i v e  i n t e r f e r e n c e .  The 
v a lu e s  o f  r e f r a c t i v e  in d e x  o b ta in e d  u s in g  g a r n e t  specim ens t h a t  w ere 
la r g e  enough  t o  a l lo w  an  a d e q u a te  t r a n s m i t t e d  i n t e n s i t y  a r e  shown in  
T a b le  1 0 .1 .
R e a so n a b le  ag reem en t was o b ta in e d  b e tw een  th e  i n t e r f e r o m e t r i c  and th e  
t r a n s m is s io n  m easu rem en ts a t  room te m p e ra tu re .  The l a r g e s t  d is c r e p a n c y  
o c c u rre d  w ith  holm ium  i r o n  g a r n e t  b u t  a l l  d i f f e r e n c e s  a r e  w i th in  th e  
e s t im a te d  e r r o r s  and i t  i s  t h e r e f o r e  c o n s id e re d  t h a t  th e  te m p e ra tu re  
v a ry in g  d a t a  i s  s u f f i c i e n t l y  a c c u r a te  t o  show th e  g e n e r a l  t r e n d .
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Figure 10.22. Figure o f merit o f rare-earth iron garnets at 891 SHz^  
Crossed bars to the l e f t  o f the curves represent the 
uncertainty of the adjacent point on that curve. The 
fractional error for the figure of merit remains 
approximately constant over the remainder of the data,
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Figure 10.23. (a) Arrangement of Michel son Interferometer used to
measure the refractive Index of the garnet specimen 
at room temperature; (b) garnet rotated at angle 0 
to  radiation.
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Figure 10.24. E llip t ic ity  against temperature a t 891 GHz in  
(a) gadolinium iron garnet In [ l lQ  and [n o ]  
d irection s, (b) yttrium Iron garnet in  direction , 
and (c )  yttrium Iron garnet in the [ilO j direction . 
Applied magnetic f ie ld  4.3 koe.
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T a b le  10.1
R e f r a c t iv e  in d e x  o f th e  r a r e - e a r t h  and y t t r i u m  i r o n  g a r n e t s  a t  891 GHz 
a t  room te m p e ra tu re  u s in g  th e  i n t e r f e r o m e t r i c  te c h n iq u e
I r o n  g a rn e t y
DylG [ n o ]  
SmIG [l 11] 
HoIG [l 11] 
YIG [ i l l ]  
YiG [ n o ]
4 .1 8  ± 1 .20  
4 .1 7  ± 0 .8 0  
4 .4 8  ± 0 .6 0  
4 .2 5  ± 0 .5 5  
4 .3 2  ± 0 .4 0
1 0 .6 . E l l i p t i c i t y
I n  y t t r iu m  and g a d o lin iu m  i r o n  g a r n e t s ,  th e  t r a n s m i t t e d  r a d i a t i o n  was 
o b se rv e d  t o  become e l l i p t i c a l l y  p o l a r i s e d .  W ith  th e  same e x p e r im e n ta l  
a rra n g e m e n t a s  t h a t  u se d  to  o b se rv e  F a ra d a y  r o t a t i o n ,  th e  minimum and 
maximum t r a n s m i t t e d  i n t e n s i t y  o b se rv e d  on r o t a t i o n  o f  th e  a n a ly s e r  w ere 
m easu red . The e l l i p t i c i t y ,  as  d e f in e d  in  C h a p te r  E ig h t ,  was th u s  
o b ta in e d  from  th e  s q u a re  r o o t  o f  th e  r a t i o  o f  th e  two m easu rem en ts and 
i s  shown i n  F ig u re  10 .24  f o r  th e  f o u r  c r y s t a l s  i n  w h ich  th e  e f f e c t  was 
n o te d .  The e l l i p t i c i t y  i s  se e n  t o  be  m ost p ro n o u n ced  a t  low te m p e ra tu re s  
and d e c r e a s e s  w i th  i n c r e a s e  o f  te m p e ra tu re  t o  a  l e v e l  be low  t h a t  
m e a s u ra b le  by  th e  sy s te m .
A minimum o c c u r r in g  i n  th e  g ra p h  f o r  th e  [ i l l ]  d i r e c t i o n  o f  g a d o lin iu m  
i r o n  g a r n e t  i s  s i g n i f i e d  by a  b ro k e n  l i n e  a s  th e  d a ta  a r e  i n s u f f i c i e n t  
t o  l o c a t e  a c c u r a t e l y  i t s  p o s i t i o n .  F u r th e r  comment on t h i s  c u rv e  i s  
made i n  s e c t i o n  1 1 .3 .
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CHAPTER ELEVEN 
ANALYSIS OF MAGNETO-OPTICAL DATA
1 1 .1 . I n t r o d u c t i o n
I n  th e  p r e v io u s  c h a p te r ,  an e x p lo r a t i o n  o f  some o f th e  m a g n e to -o p t ic a l  
p r o p e r t i e s  o f  c e r t a i n  i r o n  g a r n e t s  i n  th e  s u b m il l im e tr e  r e g io n  was 
d e s c r ib e d .  An a n a ly s i s  o f  th e s e  p r o p e r t i e s  i n  te rm s  o f  th e  p h y s ic a l  
p r o c e s s e s  o u t l i n e d  i n  C h a p te r  E ig h t  and th e  p a ra m e te rs  a s s o c i a te d  w ith  
them  w i l l  now be  m ade.
1 1 .2 . Undamped sy s tem s
By ig n o r in g  l o s s  te r m s ,  s im p l i f i e d  e x p r e s s io n s  f o r  th e  s u s c e p t i b i l i t y  
t e n s o r  c a n  b e  d e r iv e d  and f u r t h e r  s im p l i f i e d  by  m aking a p p ro x im a tio n s  
a p p l i c a b l e  t o  th e  low o r  h ig h  f re q u e n c y  r e g i o n s .  E q u a tio n s  8 .8 ,  8 .1 0  
and 8 .2 7  e n a b le  th e  f o r m u la t io n  o f  a  r e l a t i o n s h i p  f o r  th e  s p e c i f i c  
F a ra d a y  r o t a t i o n  i n  te rm s  o f  th e  s u s c e p t i b i l i t y  e le m e n ts  from  w hich  
two s ta n d a r d  e x p r e s s io n s  hav e  b e e n  d e r iv e d ^
®F ~~2C  * ^EFF * ü)q2 -  ü)2 • . . . ( 1 1 . 1 )
f o r  th e  low  f re q u e n c y  f e r r o m a g n e t ic  mode and
®F "  '  {yiM i + Y2M2 I . . . ( 1 1 . 2 )
f o r  th e  h ig h  re q u e n c y  exchange  m ode. £j- i s  th e  d i e l e c t r i c  c o n s ta n t
and th e  o th e r  te rm s  a r e  th o s e  d e f in e d  i n  C h a p te r  E ig h t .
A n a ly s is  i n v o lv in g  e a c h  o f  th e  above e q u a t io n s  r e q u i r e s  a  know ledge o f 
th e  s p e c t r o s c o p ic  s p l i t t i n g  f a c t o r s  f o r  e a c h  s u b l a t t i c e .  The quantum  
num bers shown i n  T a b le  9 .2  e n a b le  th e  g f a c t o r s  t o  be c a lc u la t e d  u s in g  
th e  f a m i l i a r  fo rm u la ^
, . J ( J  + 1) + S(S + 1) -  L(L + 1)
B ' 2 J ( J  + 1)
T hese v a l u e s ,  d i s p la y e d  i n  T a b le  1 1 .1 , a p p ly  a t  th e  a b s o lu te  z e ro  
te m p e r a tu r e .  A te m p e ra tu re -d e p e n d e n t  v a r i a t i o n  o f  th e  g v a lu e s  h a s  
b een  assum ed by  Jo h n so n  and T eb b le^ ^ ^  and by  C h e tk in  and Shalygin^^®  
who u se d  e q u a t io n  11 .2  t o  e x p la in  t h e i r  F a ra d a y  r o t a t i o n  m easu rem en ts 
i n  th e  n e a r  i n f r a - r e d  r e g io n .  The t h e o r e t i c a l  v a lu e  o f  2 f o r  th e  g 
f a c t o r  o f  th e  f e r r i c  s u b l a t t i c e  a g re e s  w e l l  w i th  th é  n u m e r ic a l  v a lu e s
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Figure 11.1. The temperature dependence of gjb In terbium Iron 
garnet obtained from Faraday rotation measurements 
■sing 6 .5  tmi wavelength radiation. After Chetkin 
and Shalygln*!#.
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T able 11.1
S p e c tr o s c o p ic  s p l i t t i n g  f a c t o r s  o f t r i v a l e n t  r a r e - e a r t h  io n s  
c a l c u l a t e d  from  th e  v a lu e s  of. L and S i n  T a b le  9 .2
R a r e - e a r th
io n s Sm . Gd Tb Dy Ho Er
g 0 2 1 .5 1 .33 1 .25 1 .2
T a b le  11 .2
T herm al v a r i a t i o n  o f  s p e c t r o s c o p ic  s p l i t t i n g  f a c t o r s  
c a l c u l a t e d  from  F a ra d a y  r o t a t i o n  m easu rem en ts  
a t  a  w a v e le n g th  o f  5 .0  pm. A f te r  Jo h n so n  and T eb b le^^^
T °K 80 100 120 140 160 180
g (F e ) 2 .0 6 2 .0 6 2 .0 6 2 .0 7 2 .0 7 2 .0 7
g(G d) 2 .1 7 2 .1 7 2 .1 3 2 .0 5 1 .97 1 .96
g(Dy) 0 .7 7 0 .8 4 0 .8 6 0 .8 9 0 ,9 0 0 .9 0
200 220 240 260 280 300
g (F e ) 2 .0 8 2 .0 8 2 .0 8 2 .0 8 2 .0 8 2 .0 8
g(Gd) 1 .9 6 ' 1 .96 1 .96 1 .97 1 .99 2 .0 0
g(Dy) 0 .9 2 0 .9 6 0 .9 6 1 .0 0 1 .04 1 .06
d e te rm in e d  by  Jo h n so n  and T eb b le  on e x a m in a t io n  o f  th e  r o t a t i o n  i n  
y t t r iu m  i r o n  g a r n e t .  C h a p te r  N ine  e x p la in e d  t h a t  an  * e q u iv a le n t  * i r o n  
l a t t i c e  i s  c o n ^ o sed  o f  two s e p a r a t e ,  t i g h t l y  bound s u b l a t t i c e s .  The 
r e s u l t s  o f Jo h n so n  and T e b b le  d i s p la y e d  i n  T a b le  1 1 .2  assum e t h a t  g i s  
e q u a l f o r  th e  f e r r i c  io n s  on e a c h  ty p e  o f  s i t e .  C o n f irm a tio n  o f  t h i s  
i s  shown by th e  m easu rem en ts  o f  R o d rig u e  e t  who e v a lu a te d  th e
g v a lu e s  f o r  th e  a  and d su b sy s te m s  a t  300°K a s  2 ,0 0 3  and  2 .0 0 5  
r e s p e c t i v e l y .  A lso  w o rk in g  i n  th e  m icrow ave r e g i o n ,  W eiss^^^ 
s u b s t a n t i a t e s  th e  s m a ll  te m p e ra tu re  v a r i a t i o n  w i th  h i s  m easu rem en ts  on 
th e  e f f e c t i v e  g f a c t o r  shown i n  F ig u re  1 1 .2 . The g f a c t o r  f o r
g a d o lin iu m  io n s  i n  T a b le  11.1 a l s o  h a s  a  v a lu e  c lo s e  t o  th e  o b se rv e d  
v a lu e ,  and i s  s u b je c t  t o  l i t t l e  th e rm a l  c h a n g e . A gain  m icrow ave d a ta  
s u p p o r t  t h i s  i n t e r p r e t a t i o n  a s  G eschw ind and W a l k e r f o u n d  l i t t l e
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figure 11.2. The temperature dependence of gp  ^ for the 'equivalent* 
ferr ic  la t t ic e  in  yttrium iron garnet measured at 
24 GHz. After Weiss*:».
% F F
3.0 r
2.5
2.0
100 200 400300 500
Figure 11.3. The temperature dependence of the e ffectiv e  g factor 
in gadolinium iron garnet measured a t  9.2 GHz. After 
Rodrigue**».
-2 3 7 -
d i f f e r e n c e  b e tw een  th e  v a lu e s  o f  th e  g f a c t o r s  o f  th e  g a d o lin iu m  io n s  
and th e  f e r r i c  s u b l a t t i c e ,  a s  g^^ -  g^^ = 0 ,0 2 .  R o d rig u e  e t  a l .^ ^ ^  
o b ta in e d  a  s i m i l a r  r e s u l t  o v e r  a  l a r g e  te m p e ra tu re  r a n g e ,  an  e x c e p t io n  
b e in g  i n  th e  te m p e ra tu re  r e g io n  c lo s e  t o  th e  m a g n e tic  c o m p en sa tio n  
p o i n t .  T hese  r e s u l t s  a r e  d i s p la y e d  in  F ig u re  1 1 ,3 ,  w here an e f f e c t i v e  
s p e c t r o s c o p ic  s p l i t t i n g  f a c t o r  f o r  g a d o lin iu m  i r o n  g a r n e t  h a s  b een  
p l o t t e d  a g a in s t  te m p e r a tu r e .  The g f a c t o r s  f o r  th e  d y sp ro s iu m  and 
te rb iu m  io n s  d i s p la y e d  i n  T a b le  11,1 a r e  g r e a t e r  th a n  t h e i r  
e x p e r im e n ta l ly  d ed u ced  v a lu e s  i n  T a b le  1 1 ,2  and F ig u re  11,1 r e s p e c t i v e ly ,  
W ith  th e  e x c e p t io n  o f  y t t r iu m  i r o n  g a r n e t ,  l a r g e  l in e w id th s  o b se rv e d  
i n  m icrow ave re s o n a n c e  e x p e r im e n ts^ ^ ^  s u g g e s t  t h a t  in  many o f  th e  r a r e -  
e a r t h  i r o n  g a r n e t s ,  dam ping e f f e c t s  c a n n o t be ig n o re d .  I f  th e  s p in -  
l a t t i c e  dam ping q u e n c h es  th e  a n g u la r  momentum o f th e  r a r e - e a r t h  io n s  
s i g n i f i c a n t l y  th e n  e q u a t io n  1 1 ,2 ,  w h ich  t a k e s  no a c c o u n t o f  l o s s  te rm s , 
w i l l  p ro d u c e  in a c c u r a t e  v a lu e s  f o r  th e  r a r e - e a r t h  io n  g f a c t o r s .
I t  i s  i n s t r u c t i v e  t o  i n v e s t i g a t e  th e  m a g n e to -o p t ic a l  p r o p e r t i e s  o f 
th e  i r o n  g a r n e t s  u s in g  th e  v a lu e s  o f  g i n  T a b le  11,1 E x a m in a tio n  o f  
th e  f e r r o m a g n e t ic  mode r e q u i r e s  a  know ledge o f  th e  e f f e c t i v e  g y ro -  
m a g n e tic  r a t i o  on w h ich  th e  s e n s e  o f  th e  r o t a t i o n  a s  w e l l  a s  i t s  
m ag n itu d e  d e p e n d s . U sin g  th e  m a g n e t is a t io n  d a ta  o f  B e r ta u t  and 
P a u th e n e t lO ? , h a s  b een  c a lc u l a t e d  f o r  f i v e  d i f f e r e n t  g a r n e t s  and
i s  shown i n  F ig u re  1 1 ,4 , The p l o t s  f o r  e rb iu m  i r o n  g a r n e t  and holmium 
i r o n  g a r n e t  show two i n f l e c t i o n  p o i n t s ,  a s  e x p e c te d  f o r  th e  g e n e r a l  c a se  
f o r  Yppp o f  a  t w o - s u b l a t t i c e  sy s te m . The e x p r e s s io n
_  + M2
■Y... . . .  ^
Yl Y2
EFF Ml M2
shows t h a t  a t  th e  m a g n e tic  c o m p e n sa tio n  te m p e ra tu re  when M=Mi+M2=0 ,
Ye p p  m ust become z e r o ,  and t h a t  i f  Yl 9^ Y2» th e  a n g u la r  momentum 
S = M i/y^  + M ^/y^ w i l l  become z e ro  a t  a  d i f f e r e n t  t e m p e ra tu re ,  c a u s in g  
Ye p p  t o  become i n f i n i t e .  The a n g u la r  momentum and m a g n e t is a t io n  o f  a  
su b sy s te m  a r e  o p p o s i t e ly  o r i e n t a t e d  due t o  th e  n e g a t iv e  e l e c t r o n i c  
c h a rg e ;  h o w e v e r, i n  th e  r e g io n  be tw een  th e  two c o m p e n sa tio n  p o i n t s  M 
and S hav e  th e  same s ig n  and Yppp i s  p o s i t i v e .  U sing  th e  v a lu e s  shown 
i n  F ig u re  1 1 ,4  i n  e q u a t io n  1 1 .1 , th e  F a ra d a y  r o t a t i o n  p r e d i c t e d  f o r  
th e  f e r r o m a g n e t ic  mode h a s  b e e n  c a l c u l a t e d  and i s  d i s p la y e d  i n  F ig u re  
1 1 ,5 , A lth o u g h  th e  shape  o f  th e  c u rv e  f o r  g a d o lin iu m  i r o n  g a r n e t  shows 
some s i m i l a r i t y  w i th  th e  e x p e r im e n ta l  m ea su rem e n ts , th e  r o t a t i o n s  o f 
th e  o th e r  f o u r  g a r n e t s  a r e  s e e n  t o  d i s a g r e e .  The in a c c u ra c y  o f th e s e
^EFF 
10® 
10?
10®
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Figure 11.4. Temperature variation of the e ffec tiv e  gyromagnetic 
ratio  for (a) gadolinium, (bl terbium, (c) erbium,
(d) dysprosium, and (e) holmium Iron garnets employing 
values for the rare-earth g factors In Table 11.1*
S F e - 2 .
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Figure 11.5. Theoretical temperature dependence of the sp ecific  
Faraday rotation ir  In the ferromagnetic mode for  
(a) gadolinium, fb) terbium, (c) erbium, fd) dysprosium, 
and (e) holmium iron garnets employing values for the 
rare-earth g factors In Table 11.1. * 2.
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c a l c u l a t i o n s  i s  h i g h l i g h t e d  by a r e v e r s a l  p o in t  above th e  m a g n e tic  
co m p e n sa tio n  te m p e ra tu re  in  e rb iu m  and holmium  i r o n  g a r n e t s  and by th e  
a b sen c e  o f  a  r e v e r s a l  p o i n t  be low  th e  m a g n e tic  c o m p e n sa tio n  te m p e ra tu re  
i n  te rb iu m  and d y sp ro s iu m  i r o n  g a r n e t s .  To i n v e s t i g a t e  t h i s  f u r t h e r ,  
th e  te m p e ra tu re -d e p e n d e n c e  o f  th e  F a ra d a y  r o t a t i o n  i n  d y sp ro s iu m  i r o n  
g a r n e t  h a s  b e e n  ta k e n  t o  be c h a r a c t e r i s t i c  o f th e  o th e r  i r o n  g a r n e ts  
u n d e r i n v e s t i g a t i o n ,  e x c e p t  f o r  th e  c a se  o f  g a d o lin iu m  and y t t r iu m  
i r o n  g a r n e t s .
The m a g n e tic  d a t a  hav e  b een  u se d  to  d e m o n s tra te  th e  v a r i a t i o n  o f  yEFF
f o r  th e  c a s e s  w here  th e  s p l i t t i n g  f a c t o r  o f th e  d y sp ro s iu m  io n  i s  l e s s  
th a n  and a l s o  g r e a t e r  th a n  th e  s p l i t t i n g  f a c t o r  o f th e  f e r r i c  io n s .  
P l o t t i n g  Ygpp a g a in s t  th e  n e t t  m a g n e t i s a t io n .  F ig u re  1 1 .6 (a )  shows t h a t  
f o r  th e  c a se  o f  g^^ = 2 .0  and g^^  = 2 .5 ,  a  d i s c o n t i n u i t y  e x i s t s  a t  
n e g a t iv e  M and so  i s  above th e  m a g n e tic  co m p e n sa tio n  te m p e ra tu re ;  
h ow ever, r e d u c in g  g ^  to  1 ,5 ,  a  c o n tin u o u s  c u rv e  i s  o b ta in e d  o v e r  th e  
ra n g e  i n v e s t i g a t e d .  The two c u rv e  sh a p es  p r e s e n te d  in  F ig u re  11 .5  a r e  
now s e e n  t o  r e s u l t  from  th e  v a lu e s  ch o sen  f o r  th e  g f a c t o r s  by  u s in g  
th e  v a lu e s  o f  i n  F ig u re  1 1 .6 (a )  t o  p l o t  M ^ )  , a  q u a n t i ty
p r o p o r t i o n a l  t o  th e  F a ra d y  r o t a t i o n ,  a g a in s t  T hese  a r e  shown
i n  F ig u re  11 . 6 ( b ) .
An e x a m in a t io n  o f th e  F a ra d a y  r o t a t i o n  o c c u r r in g  i n  th e  h ig h  f re q u e n c y  
mode o f p r e c e s s io n  i s  u n d e r ta k e n  by i n s e r t i n g  th e  m a g n e tic  d a ta  o f 
B e r ta u t  and P a u th e n e t  and th e  g f a c t o r s  d i s p la y e d  i n  T a b le  11.1 i n t o  
e q u a t io n  1 1 .2 . Shown i n  F ig u re  1 1 .7 , th e  g e n e r a l  f e a t u r e s  o f  r e v e r s a l  
o f th e  s e n s e  o f  r o t a t i o n  a t  th e  m a g n e tic  c o m p e n sa tio n  p o in t  and a  second  
r e v e r s a l  a t  a  lo w er te m p e ra tu re  a r e  s im i l a r  to  th o s e  o b ta in e d  
e x p e r im e n ta l ly .  The te m p e ra tu re  a t  w h ich  th e  r e v e r s a l  p o i n t s  o c c u r 
i s  i n  good a g re e m e n t w i th  e x p e r im e n t;  ho w ev er, th e  m ag n itu d e  o f th e  
p r e d i c te d  r o t a t i o n  i s  c o n s id e r a b ly  l e s s  th a n  th e  m easu red  v a lu e s .  
R o ta t io n  o f  th e  c o r r e c t  m a g n itu d e  may be o b ta in e d  by  a d ju s tm e n t  o f  th e  
a s s ig n e d  v a lu e s  o f  th e  s p l i t t i n g  f a c t o r s ,  b u t  i f  th e  a c c u r a t e l y  known 
v a lu e  f o r  th e  f e r r i c  io n s  o f  gp^ = 2 i s  r e t a i n e d ,  th e n  a l t e r a t i o n  o f 
th e  g f a c t o r  o f  th e  r a r e - e a r t h  p r e d i c t s  an  i n c o r r e c t  p o s i t i o n  o f th e  
low te m p e ra tu re  r e v e r s a l  p o i n t .  C o r r e c t io n s  can  be made by a llo w in g  
th e  g f a c t o r s  t o  v a ry  w i th  t e n ^ e r a t u r e  a s  d e s c r ib e d  e a r l i e r ,  b u t  th e n  
d i f f i c u l t y  e x i s t s  i n  r e l a t i n g  su ch  d a t a  t o  m easu rem en ts made a t  m ic ro ­
wave f r e q u e n c ie s .  An a l t e r n a t i v e  a p p ro a c h  i s  to  exam ine th e  e f f e c t s  o f 
dam ping on th e  F a ra d a y  r o t a t i o n .
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11 .3 . Damping
E x p re s s io n s  f o r  th e  s u s c e p t i b i l i t y  e le m e n ts  l i s t e d  i n  F ig u re  8 .4  
in v o lv e  th e  dam ping p a ra m e te rs  a i ,  «2 f o r  each  s u b l a t t i c e  a s  in tro d u c e d  
in  th e  L a n d a u - L i f s h i tz  e q u a t io n .  E x p re s s in g  a i , 2  a s  f u n c t io n s  o f th e  
r e l a x a t i o n  t im e s  T^i,2 d e s c r ib e d  by e q u a tio n  8 .1 9 ,  e n a b le s  c a l c u l a t i o n s  
o f th e  s u s c e p t i b i l i t i e s  t o  b e  made in  te rm s o f  l in e w id th  d a ta  u s in g  
th e  r e l a t i o n s h i p  8 .2 3 .  D a ta  e x i s t  p r im a r i ly  a t  f r e q u e n c ie s  up to  
X-band by  e x c i t a t i o n  o f  f e r r o m a g n e t ic  modes w i th in  g a r n e t  sp ec im en s 
p la c e d  in  m icrow ave c a v i t i e s .  I t  h a s  been  s u g g e s te d  by V i t t o r i a  and 
W ilse y l2 3  t h a t  i s  in d e p e n d e n t o f  f re q u e n c y , im p ly in g  t h a t  T i s
a  f u n c t io n  o f  1 /^ .  H ow ever, t h i s  m ust be assum ed to  be an  o v e r - s im p l i f i e d  
r e l a t i o n s h i p  when e x t r a p o l a t i n g  d a ta  from  th e  m icrow ave to  th e  su b ­
m i l l i m e t r e  r e g i o n ,  a s  th e  f e r r o m a g n e t ic  re s o n a n c e  c o n d i t io n  i s  no lo n g e r  
e x c i t e d ,  f e r r m a g n e t i c  p r e c e s s io n  b e in g  th e  dom inan t m ode.
U sing  th e  e q u a t io n s  l i s t e d  i n  F ig u re  8 .4  f o r  a  damped d o u b le  s u b l a t t i c e  
sy s te m , F ra y n e  h a s  c a l c u la t e d  th e  f re q u e n c y  v a r i a t i o n  o f  th e  e le m e n ts  
o f th e  s u s c e p t i b i l i t y  t e n s o r  o f  eu rop ium  i r o n  g a r n e t  a t  297°K in  an 
a p p l ie d  f i e l d  5 k o e . A v a lu e  o f  T j = 3 .9  x 10“  ^ s e c o n d s , o b ta in e d  from  
m icrow ave m e a su re m e n ts , was em ployed f o r  th e  r e l a x a t i o n  tim e  o f th e  
i r o n  su b sy s te m  and th e  s u s c e p t i b i l i t y  e le m e n ts  w ere  c a lc u l a t e d  f o r  a  
ran g e  o f  v a lu e s  o f  th e  r a r e - e a r t h  r e l a x a t i o n  t im e , T£. T hese a r e  
r e p ro d u c e d  i n  F ig u re  1 1 .8  f o r  th e  c a se  o f  T2 = 10^^ , w h ich  r e p r e s e n t s  
a  s i t u a t i o n  w here th e  r a r e - e a r t h  io n  i s  e f f e c t i v e l y  undam ped, and f o r  
T2 = lOT^Z and T2 = lO” ^^ s e c o n d s . W ith  th e  e x c e p t io n  o f  x^ , s t r u c t u r e s  
c o r re s p o n d in g  t o  b o th  th e  low  and h ig h  f re q u e n c y  re s o n a n c e  c o n d i t io n s  
a re  e v id e n t .  No s i g n i f i c a n c e  i s  a t t a c h e d  to  th e  a b se n c e  o f th e  f e r r i -  
m a g n e tic  r e s o n a n c e  i n  a s  t h i s  i s  p ro b a b ly  due  to  th e  l a r g e  s c a l e
on w h ich  th e s e  f i g u r e s  a r e  p l o t t e d .  The s u s c e p t i b i l i t y  c u rv e s  
r e p r e s e n t  c o n d i t io n s  o f  c o n s ta n t  r e l a x a t i o n  t im e s  w i th  v a ry in g  f re q u e n c y , 
a  s i t u a t i o n  t h a t  c a n n o t be assum ed to  o c c u r .  The p l o t s  o f  th e  
d i s s i p a t i v e  e le m e n ts  and x ^  show f e r r im a g n e t i c  a b s o r p t io n  to  be
a s t r o n g  f u n c t io n  o f  T2 . H ence , i n  p r i n c i p l e ,  e x p e r im e n ta l  d a ta  on th e  
f e r r im a g n e t i c  l in e w id th  w ould e n a b le  th e  r e l a x a t i o n  t im e s  to  be  found  
f o r  s u b m il l im e tr e  w a v e le n g th s . I n  th e  ab sen c e  o f  su ch  in f o r m a t io n ,  
e v a lu a t io n  o f  th e  m easu rem en ts  o f  F a ra d a y  r o t a t i o n  a g a in s t  te m p e ra tu re  
was c a r r i e d  o u t  f o r  a  ra n g e  o f  v a lu e s  o f  T2 i n  o r d e r  t o  a t t a i n  an  
ag reem en t w i th  th e  e x p e r im e n ta l  r e s u l t s .
B ecause o f  th e  d i f f i c u l t i e s  in v o lv e d  i n  a llo w in g  b o th  th e  f e r r i c  and 
th e  r a r e - e a r t h  s u b l a t t i c e s  t o  h av e  a  w ide  ra n g e  o f  v a lu e s  o f  r e l a x a t i o n
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Figure 11.8. Theoretical frequency variation of the elements o f the 
su scep tib ility  tensor of europium iron garnet a t 297<’k 
calculated by Frayne. xix»X«*Xxy dnd are shown 
respectively In rows (a ) ,(b ) ,(c )  and (d) for rare-earth relaxation times 
of 10*^,10"^^and 10“'* s In columns (1 ),(11) and (111) respectively. 
Ferric sublattice relaxation time Is 3.9x10“? s . Angular frequency m.
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t im e , th e  same v a lu e  t h a t  was u sed  in  F ra y n e * s  c a l c u l a t i o n s  was u sed  
f o r  th e  T p a ra m e te r  o f th e  i r o n  su b sy s te m . The s u s c e p t i b i l i t y  
e le m e n ts  d i s p la y e d  i n  F ig u re  8 .4  have b een  u se d  w i th  e q u a t io n s  8 .8 ,
8 .9 ,  8 .1 0  and 8 .2 8  to  c a l c u l a t e  th e  s p e c i f i c  F a ra d a y  r o t a t i o n  f o r  a  
ra n g e  o f  v a lu e s  o f  th e  r e l a x a t i o n  tim e  o f  th e  r a r e - e a r t h  io n s .  Some 
r e s u l t s  o f  th e s e  c a l c u l a t i o n s ,  p e rfo rm e d  u s in g  th e  com puter programme 
d e s c r ib e d  i n  A ppendix  V I, a r e  shown i n  F ig u re s  11 .9  and 1 1 .1 0 . The 
v a lu e  o f  th e  g f a c t o r s  a t  a b s o lu te  z e ro  i n  T a b le  11.1 have  b een  u sed  
f o r  a  r a n g e  o f  r a r e - e a r t h  r e l a x a t i o n  t im e s  from  lO^? to  10“ ^^ s e c o n d s . 
F ig u re  1 1 .1 0  shows t h a t  f o r  r a r e - e a r t h  io n  T p a ra m e te rs  o f 10” ^^ seco n d s  
and h i g h e r ,  d i s c o n t i n u i t i e s  o c c u r  a t  p o i n t s  o th e r  th a n  a t  th e  m a g n e tic  
c o m p e n sa tio n  p o i n t .  T hese s t r u c t u r e s  a r i s e  when th e  te rm  o c c u r r in g  in  
th e  s u s c e p t i b i l i t y  e le m e n ts
0)  ^ -  + tDQ }
becomes s m a l l ,  i n d i c a t i n g  t h a t  th e s e  f e a t u r e s  r e s u l t  from  th e  a c t i o n  
o f th e  ex ch an g e  f i e l d .  F ig u re s  11 .9  and 11 .1 0  a l s o  show t h a t  f o r  th e  
v a lu e s  u se d  f o r  th e  g f a c t o r s ,  th e  shape  o f th e  c u rv e s  h a s  a  g r e a t e r  
depen d en ce  on th e  r e l a x a t i o n  t im e s  f o r  v a lu e s  o f T l e s s  th a n  10” ^^ 
s e c o n d s . H ow ever, th e  c h o ic e  o f b o th  g and T g r e a t l y  a f f e c t s  th e  
p r e d i c te d  r o t a t i o n s ,  a s  d e m o n s tra te d  by  F ig u r e s  11.11 and 1 1 .1 2 .
F a rad a y  r o t a t i o n  i n  d y sp ro s iu m  i r o n  g a r n e t  w i th  a  r e l a x a t i o n  tim e  f o r  
th e  r a r e - e a r t h  io n  o f  10“ '^  se co n d s  i s  shown i n  F ig u re  11.11 f o r  g^^  
e q u a l t o  th e  a v e ra g e  v a lu e  i n d ic a te d  i n  T a b le  1 1 .2  o f  0 .9 6 ,  and f o r  th e  
h ig h e r  v a lu e s  o f  1 .6 5 . N e i th e r  g ra p h  r e p r e s e n t s  th e  r o t a t i o n  o b ta in e d  
e x p e r im e n ta l ly ;  h o w ev er, i t  i s  s e e n  t h a t  f o r  g ^  = 1 .6 5 , dam ping 
e f f e c t s  become dom inan t a t  l a r g e r  d y sp ro s iu m  io n  r e l a x a t i o n  t im e s  th a n  
w ere fo u n d  f o r  th e  v a lu e  g iv e n  i n  T a b le  11.1 o f  g ^  = 1 .3 3 . The 
p r e d i c te d  r o t a t i o n  c o rre s p o n d in g  to  T^^ = 10” ^ and T ^  = 10”  ^ seco n d s  
a re  d i s p la y e d  i n  F ig u re  11 .12  f o r  g^^ = 1 .6 5 , and i t  i s  o b se rv e d  t h a t  
th e  lo n g e r  r e l a x a t i o n  tim e  p ro d u c e s  a  r o t a t i o n  t h a t  m ore a c c u r a te ly  
r e p r e s e n t s  th e  e x p e r im e n ta l  r e s u l t s ,  w i th  th e  a d d i t i o n  o f  a  d i s c o n t i n u i t y  
a t  a  te m p e ra tu re  low er th a n  t h a t  o f th e  two r e v e r s a l  p o i n t s .  S im i la r  
r e s u l t s  a r e  shown in  F ig u r e s  11 .13  and 11 .14  f o r  te rb iu m  i r o n  g a r n e t  
,^ d  e rb iu m  i r o n  g a r n e t  r e s p e c t i v e l y  w here v a lu e s  o f  g f o r  th e  r a r e -  
e a r t h  i o n  h av e  b een  c h o sen  to  g iv e  th e  c o r r e c t  p o s i t i o n  o f  th e  r e v e r s a l  
p o in t  o f  th e  r o t a t i o n  be low  m a g n e tic  c o m p e n sa tio n . I t  i s  s e e n  t h a t  th e  
m ag n itu d e  o f  th e  r o t a t i o n  away from  th e  r e v e r s a l  p o in t s  d o es  n o t  a g re e  
w ith  e x p e r im e n t o v e r  th e  f u l l  e x te n t  o f  th e  c u r v e s .  I n  a d d i t i o n  to  a  
t e n ^ e r a t u r e  v a r i a t i o n  o f  th e  g f a c t o r s ,  t h i s  i s  th o u g h t to  b e  due to
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Figure 11.9, Theoretical temperature dependence of the sp ecific  
Faraday rotation ip  #t 891 GHz In (a) terbium, <b) erbium,
(c) dysprosium, and ((H holmium Iron garnets for a rare- 
earth relaxation time lRr=10'"^  ^ s and a ferric  relaxation  
time Tpe » 3 . 9 x 1 g  ^Values for the rare-earth g factors 
are from Table 11.1, gp^.* 2 .
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Figure 1 1 .1 0 . T h eoretica l tem perature dependence o f  the sp e c if ic  Faraday r o ta t io n  6p a t 891 GHz in  
(a) terbium , (b) erbium , (c )  dysprosium , (dj holmium, and (e )  gadolinium  iron  garn ets . 
For ( a ) ,  (b ) ,  (c ) and (d) the curves represent v a lu es fo r  the rare-earth  re la x a tio n  
time o f  lO^? to  lO ' i i  s and fo r  (e )  Tpp -  103? to  10“ 3^ Tp  ^ -  3 .9  x 10“  ^ s ,  
and the g fa c to r s  o f  the rare-earth  ions are given in  Table 11. 1.
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Figure 11.12. Theoretical temperature dependence o f the sp ecific
Faraday rotation at 691 GHz In dysprosium iron garnet 
for values o f the dysprosium Ion relaxation time 
Ipy * (a) 10-2 s and (b) lO"* s .
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Figure 11.13. Theoretical temperature dependence of the sp ecific  
Faraday rotation at 891 GHz In terbium Iron garnet 
for values o f the terbium ion relaxation time 
Tib « (a) 10-7 s and (b) 10":^ s .
Tpg « 3 .9  * 10-' s .  9pg " 2 .0  and -  0.99.
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th e  l i m i t a t i o n  o f  m a in ta in in g  c o n s ta n t  r e l a x a t i o n  p a ra m e te rs  o v e r  th e  
ra n g e  f o r  b o th  s u b l a t t i c e s .  Even f o r  th e  c a se  o f  g a d o lin iu m  i r o n  g a rn e t  
w here  th e  tw o g f a c t o r s  a r e  w e l l  docum en ted . F ig u re  1 1 .1 5 , w h ich  shows 
th e  o c c u r r e n c e  o f f e r r im a g n e t i c  r e s o n a n c e  to  b e  a  s e n s i t i v e  f u n c t io n  o f 
th e  r a r e - e a r t h  r e l a x a t i o n  t im e ,  a l s o  d i s p l a y s  some d isa g re e m e n t w i th  th e  
m a g n itu d e  o f  th e  m ea su red  r o t a t i o n .  A f u r t h e r  i n v e s t i g a t i o n  in v o lv in g  
te m p e ra tu re -d e p e n d e n t  r e l a x a t i o n  p a ra m e te rs  h as  n o t  b een  c a r r i e d  o u t as  
t h i s  sh o u ld  in v o lv e  m ore a c c u r a te  know ledge o f  th e  dam ping o f th e  f e r r i c  
l a t t i c e .  H ow ever, a  s tu d y  o f h a s  b een  made w h ich  n e c e s s i t a t e d  
in t r o d u c in g  a n is o t r o p y  and i s  d is c u s s e d  in  s e c t i o n  1 1 .5 .
W ith  r e g a r d  t o  g a d o lin iu m  i r o n  g a r n e t ,  i t  i s  in fo r m a t iv e  to  n o te  t h a t  
th e  e q u a t io n s  f o r  th e  s u s c e p t i b i l i t y  e le m e n ts  i n  F ig u re  8 .4  w ere u sed  
w i th  e q u a t io n s  8 .8 ,  8 .9 ,  8 .1 2  and 8 .2 8  to  c a l c u l a t e  e l l i p t i c i t y .  The 
e x p e r im e n ta l  m easu rem en ts  d is p la y e d  i n  F ig u re  10 .24  showed t h a t  
e l l i p t i c i t y  was o b s e rv e d  i n  o n ly  two g a r n e t  t y p e s ,  y t t r i u m  and 
g a d o lin iu m  i r o n  g a r n e t s . A t h e o r e t i c a l  a c c o u n t o f e l l i p t i c i t y  i n  
y t t r iu m  i r o n  g a r n e t  i s  n o t  g iv e n ;  how ev er, th e  c a l c u l a t e d  v a lu e s  f o r  
g a d o lin iu m  i r o n  g a r n e t  a r e  shown i n  F ig u re  11 .16  a g a in s t  te m p e ra tu re .
I t  i s  s e e n  t h a t  th e  f e r r im a g n e t ic  re s o n a n c e  o c c u r r in g  a t  115°K, w hich  
had l i t t l e  e f f e c t  on th e  F a ra d a y  r o t a t i o n  f o r  < 10” ^^ se c o n d s , p e r tu r b s  
th e  sh ap e  o f  e l l i p t i c i t y  c u rv e s  a t  a l l  th e  v a lu e s  o f  th e  g a d o lin iu m  io n  
r e l a x a t i o n  t im e  p l o t t e d .  F o r th e  v a lu e s  shown f o r  = 10“ ^^ and 
10"13 s e c o n d s ,  a  d ip  i n  th e  e l l i p t i c i t y  a g a in s t  te m p e ra tu re  o c c u rs  a t  
th e  f e r r im a g n e t i c  r e s o n a n c e . H ow ever, th e  s i t u a t i o n  i s  d i f f e r e n t  a t  
T g j = 10"11 and  10“ ^^ s e c o n d s , a s  th e  g e n e r a l  t r e n d  o f  i n c r e a s in g  
te m p e ra tu re  c a u s in g  re d u c e d  e l l i p t i c i t y  i s  m a in ta in e d  a c r o s s  th e  
m easu red  r a n g e  e x c e p t  f o r  a  p eak  a t  th e  r e s o n a n c e . F ig u re  10 .24  shows 
t h a t  a  d ip  was a l s o  o b se rv e d  e x p e r im e n ta l ly  i n  th e  £l 11] d i r e c t i o n  and 
so  com bined w i th  th e  e v a lu a t io n  o f th e  F a ra d a y  r o t a t i o n  m easu rem en ts , 
th e  t h e o r e t i c a l  c a l c u l a t i o n s  g iv e  f u r t h e r  c o n f i r m a tio n  t h a t  th e  
g a d o lin iu m  r e l a x a t i o n  tim e  i s  e q u a l  t o  o r  l e s s  th a n  10“ ^^ se c o n d s . The 
e x p e r im e n ta l  d a t a  a r e  o n ly  s u f f i c i e n t  t o  s t a t e  th e  te m p e ra tu re  a t  w hich 
th e  minimum i n  th e  e l l i p t i c i t y  o c c u r re d  a s  130 ± 10°K. T h is  d is c r e p a n c y  
w i th  th e  t h e o r e t i c a l  p o s i t i o n  i s  a g a in  th o u g h t t o  b e  due l a r g e l y  t o  th e  
te m p e ra tu re -d e p e n d e n t  p a ra m e te rs  m e n tio n e d  above b e in g  k e p t  c o n s ta n t  
th ro u g h o u t  th e  c a l c u l a t i o n s .
No t h e o r e t i c a l  c u rv e s  o f  F a ra d a y  r o t a t i o n  i n  holm ium  i r o n  g a r n e t  w i th  
a  c o r r e c te d  v a lu e  h av e  b e e n  p l o t t e d  a s  a  low er r e v e r s a l  p o in t  was 
n o t  found  w i t h in  th e  e x p e r im e n ta l  te m p e ra tu re  r a n g e .
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1 1 .4 . A n is o tr o p ic  damped sy s tem s
A f e a t u r e  o f th e  F a ra d a y  r o t a t i o n  m easu rem en ts  d is p la y e d  i n  F ig u re s  10.3  
t o  10.7  t h a t  h a s  n o t  b e e n  c o n s id e re d  i n  th e  a n a ly s i s  so  f a r  i s  th e  
d i f f e r e n c e  i n  th e  r o t a t i o n  i n  e a ch  c r y s t a l  o r i e n t a t i o n .  D i f f e r e n c e s  o c c u r 
i n  th e  m ag n itu d e  o f  th e  r o t a t i o n ,  w h ich  i s  m ost p ro n o u n ced  a t  th e  low er 
t e m p e ra tu re s ,  and f o r  th e  m a t e r i a l s  i n  w h ich  two r e v e r s a l  p o in t s  w ere 
o b se rv e d , i n  th e  te m p e ra tu re  a t  w h ich  th e  low er te m p e ra tu re  r e v e r s a l  
t a k e s  p l a c e .  To a t t a i n  an i n s i g h t  i n to  th e  m echanism  p ro d u c in g  th e s e  
d i f f e r e n c e s ,  th e  e x p r e s s io n s  f o r  th e  p h a se  c o n s ta n t  d e r iv e d  in  s e c t io n  
8 .2  a re  u sed  to g e t h e r  w i th  th e  m a t r ix  e q u a t io n  o r ig i n a te d  in  s e c t i o n
8 .4 .3 .2 .  T hese e x p r e s s io n s  r e p r e s e n t  a  c o n d i t io n  w here th e  m a g n e tic  
d ip o le s  a r e  a t  an  a r b i t r a r y  o r i e n t a t i o n  to  b o th  th e  a p p l ie d  m a g n e tic  
f i e l d  and to  th e  p r o p a g a t io n  d i r e c t i o n  o f  th e  r a d i a t i o n .  A s i t u a t i o n  
w here th e  m a g n e tic  d ip o le s  a r e  n o t  o r i e n t a t e d  a lo n g  th e  e x t e r n a l  f i e l d  
can  a r i s e  th ro u g h  th e  e x i s t e n c e  o f  m a g n e tic  a n is o t r o p y  a n d , i n  d o u b le  
s u b l a t t i c e  s y s te m s , can  o c c u r  u n d e r  th e  in f lu e n c e  o f l a r g e  a p p l ie d  
m a g n e tic  f i e l d s .  T h is  l a t t e r  e f f e c t  h a s  b een  s tu d ie d  by C la rk  and 
C a lle n l2 4  ^ tio , n e g l e c t i n g  a n i s o t r o p y ,  c a l c u la t e d  t h a t  two s u b l a t t i c e  
moments and a r e  n o t  c o l l i n e a r  when th e  a p p l ie d  f i e l d  Hq i s  i n  
th e  ra n g e
^ -  “ p e l
X b e in g  th e  m o le c u la r  f i e l d  c o n s ta n t .  T h roughou t th e  p r e s e n t  work 
th e  maximum f i e l d  a p p l ie d  t o  th e  g a r n e t  specim en  was 4 .3  k o e . The 
above c o n d i t io n  i s  t h e r e f o r e  o n ly  a p p l i c a b l e  n e a r  a  c o m p e n sa tio n  p o in t  
and c o rre s p o n d s  t o  a  ra n g e  o f  ±1°K a b o u t th e  c o m p e n sa tio n  te m p e ra tu re  
i n  te rb iu m  i r o n  g a r n e t ;  t h i s  b e in g  th e  w id e s t  i n v e r v a l  i n  th e  g a r n e t s  
c u r r e n t l y  u n d e r i n v e s t i g a t i o n .  W ith  th e  m a g n e tic  d a ta  a v a i l a b l e ,  th e  
t h e o r e t i c a l  c a l c u l a t i o n s  w ere  n o t  p e rfo rm e d  f o r  su ch  a  l im i t e d  
te m p e ra tu re  ra n g e  and so  t h i s  m echanism  o f d ip o le  c a n t in g  w i l l  n o t  be  
c o n s id e r e d .  An a n a ly s i s  in v o lv in g  m a g n e tic  d ip o le s  o r i e n t a t e d  away from  
th e  a p p l ie d  f i e l d  w i l l  t h e r e f o r e  o n ly  in v o lv e  t h a t  due t o  a n is o t r o p y .
C a lc u la t io n s  p e rfo rm e d  f o r  th e  d o u b le  s u b l a t t i c e  sy s tem  i n  d y sp ro s iu m  
i r o n  g a r n e t  i l l u s t r a t e d  i n  F ig u re  11 .12  showed t h a t  a t  a  f ix e d  v a lu e  
o f  th e  r e l a x a t i o n  p a ra m e te r  o f  th e  f e r r i c  s u b l a t t i c e ,  th e  lo w er r e v e r s a l  
p o in t  o f  th e  F a ra d a y  r o t a t i o n  c o u ld  be  a c c o u n te d  f o r  by a  r e l a x a t i o n  
tim e  o f  10“ ^ s e c o n d s . H ow ever, th e  re s o n a n c e  p r e d i c te d  a t  125°K w ith  
t h i s  T p a ra m e te r  was n o t  o b se rv e d  e x p e r im e n ta l ly ,  i n d i c a t i n g  t h a t  th e  
r e l a x a t i o n  tim e  a t  t h i s  p o i n t  had  ch an g ed . E x a m in a tio n  o f  th e  a n i s o t r o p i c
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p r o p e r t i e s  o f  a  d o u b le  s u b l a t t i c e  sy s te m  w i l l  t h e r e f o r e  be made n e a r  
th e  lo w er c o m p en sa tio n  p o i n t  f o r  a  r a n g e  o f  shown by th e  p r e v io u s  
a n a ly s i s  to  g iv e  a  r e a l i s t i c  v a lu e  o f  r o t a t i o n .
The e le m e n ts  o f  th e  m a t r ix  e q u a t io n  8 .2 6  w ere  se e n  to  c o n ta in  
d e m a g n e tis a t io n  f a c t o r s  r e p r e s e n t in g  th e  a n i s o t r o p i c  c o n t r i b u t i o n  to  
th e  l a t t i c e  f i e l d .  T hese a r e  c a lc u l a t e d  from  th e  f i r s t  o rd e r  a n is o t r o p y  
c o n s ta n t  Kj and th e  m a g n e t i s a t io n  o f  th e  l a t t i c e  M u s in g  th e  e x p re s s io n s
o f C la r r ic o a ts ^ Z S
and
^  [2 -  s in ^  0 - 3  s in ^  2 ^
N ^  Q -  2 s in ^  6 -  s in ^  20]
w here 0 i s  th e  a n g le  b e tw een  th e  a p p l ie d  m a g n e tic  f i e l d  and th e  Q oo] 
a x i s .  When t h i s  f i e l d  i s  d i r e c t e d  a lo n g  th e  [l 11] a x i s ,  0 = 54°44* 
g iv in g
N = ( - 1 . 5 5 ) ^  ; N / l = e 0 . 6 9 ) ^  . . . ( 1 1 . 3 )X y
and when a lo n g  th e  [l IcQ d i r e c t i o n ,  0 = 90° so  t h a t
. . . ( 1 1 . 4 )
The e le m e n ts  o f  th e  m a t r ic e s  o f  e q u a t io n s  8 .2 6  a r e  l i s t e d  i n  A ppendix  V II 
and th e  te c h n iq u e  to  o b t a in  th e  s u s c e p t i b i l i t y  e le m e n ts  and h en ce  th e  
F a ra d a y  r o t a t i o n  i s  d e s c r ib e d .  U sin g  th e  v a lu e  f o r  th e  s p l i t t i n g  f a c t o r  
o f th e  f e r r i c  s u b l a t t i c e  o f  g^^ = 2 , and th e  b e s t  v a lu e  f o r  th e  
d y sp ro s iu m  s u b l a t t i c e  fo u n d  p r e v i o u s ly  a s  g ^  = 1 .6 5 , th e  F a rad a y  
r o t a t i o n  was c a l c u la t e d  f o r  a  ra n g e  o f  r a r e - e a r t h  r e l a x a t i o n  t im e s ,  
w h ile  f ix in g ,  th e  f e r r i c  s u b l a t t i c e  p a ra m e te r  a t  T^^ = 3 .9  x 10"? s e c o n d s . 
R e s u l t s  a r e  shown i n  F ig u re  11 ,17  f o r  r o t a t i o n  i n  th e  [l 11] and Q io ]  
d i r e c t i o n s  a t  175°K, a  te m p e ra tu re  b e tw een  th e  e x p e r im e n ta l ly  d e te rm in e d  
low er r e v e r s a l  p o i n t s  o f  th e  two o r i e n t a t i o n s .  I t  i s  s e e n  t h a t  i n  th e  
ra n g e  o f  v a lu e s  o f  r e l a x a t i o n  tim e  i n d ic a te d  a s  b e in g  a p p l i c a b l e  t o  t h i s  
g a r n e t  by th e  p r e v io u s  a n a l y s i s  o f  ^ 1 0 “ ^ s e c o n d s , d i f f e r e n t  s e n s e s  o f 
r o t a t i o n  i n  e a c h  c r y s t a l  d i r e c t i o n  have  b e e n  c a lc u la t e d  w h ich  c o rre s p o n d  
t o  th e  o b se rv e d  r o t a t i o n s .  E v a lu a t io n  o f  a  w id e r  te n q ie ra tu re  ra n g e  h a s  
n o t  b e e n  c a r r i e d  o u t ,  b u t  i t  i s  c o n s id e re d  to  be in fo r m a t iv e  a t  t h i s  
s ta g e  t h a t  a  s tu d y  sh o u ld  b e  d e s c r ib e d  o f th e  p r o p e r t i e s  o f th e  f e r r i c  
l a t t i c e .
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1 1 .5 . F e r ro m a g n e tic  t r e a tm e n t  o f a n i s o t r o p i c  damped s in g l e  l a t t i c e  
sy s te m s
The W eiss m odel o f  th e  exchange  f i e l d  im p l ie s  t h a t  io n s  o f  z e ro  
m a g n e tic  moment do n o t  e n t e r  i n to  exchange  i n t e r a c t i o n ,  and so  an 
i n v e s t i g a t i o n  was u n d e r ta k e n  i n  w h ich  b o th  y t t r iu m  i r o n  g a r n e t  and 
sam arium  i r o n  g a r n e t  a r e  t r e a t e d  a s  f e r r o m a g n e t ic  s y s te m s . The above 
a n a ly s i s  f o r  d o u b le  s u b l a t t i c e  g a r n e ts  h a s  k e p t  th e  T p a ra m e te r  c o n s ta n t  
w i th  c h a n g in g  t e m p e r a tu r e .  A s tu d y  o f y t t r i u m  and sam arium  i r o n  g a r n e t s ,  
f o r  w h ich  th e  f e r r i c  g f a c t o r  i s  w e l l  d ocum en ted , e n a b le s  an  i n v e s t i g a t i o n  
to  b e  made o f  th e  dam ping o f  th e  i r o n  s u b l a t t i c e  a t  th e  l a s e r  f r e q u e n c y . 
H ow ever, no  c o rre s p o n d e n c e  b e tw een  th e  c h a r a c t e r i s t i c s  o f  th e  r e l a x a t i o n  
t im e s  g a in e d  i n  t h i s  way and th o s e  o f  th e  o th e r  g a r n e t s  i n  w h ich  th e  
f e r r i c  s u b l a t t i c e  e n t e r s  i n t o  su p e r-e x c h a n g e  i n t e r a c t i o n  w i th  th e  r a r e -  
e a r t h  su b sy s te m  i s  i n f e r r e d .
The com plex s u s c e p t i b i l i t y  com ponents o f  a  f e r r o m a g n e t ic  sy s tem  a re  
g iv e n  by  Lax and Button®® w hich  in c lu d e s  d e m a g n e t is a t io n  f a c t o r s  and 
th e  r e l a x a t i o n  t im e .  A s im p l i f i e d  fo rm  o f  th e s e  e q u a t io n s  e x p re s s e d  
i n  A ppendix  4 .1  o f  Lax and B u tto n  i s  u s u a l l y  a d o p te d  f o r  m icrow ave 
a p p l i c a t i o n s  by  assu m in g  a  n e a r - r e s o n a n c e  c o n d i t io n  and by  s t i p u l a t i n g  
a  low er l i m i t  t o  th e  d e g re e  o f dam ping . To i n v e s t i g a t e  th e  r e l a x a t i o n  
p a ra m e te rs  e n c o u n te re d  i n  th e  s u b m il l im e tr e  r e g i o n ,  n e i t h e r  o f th e s e  
r e s t r i c t i o n s  i s  d e s i r a b l e .  T h e re fo re  th e  e x p r e s s io n s  shown in  
F ig u re  1 1 .1 8  have  b e e n  u se d  w h ich  a r e  th e  f e r r o m a g n e t ic  s u s c e p t i b i l i t y  
e le m e n ts  o f Lax and B u tto n  d e r iv e d  w i th o u t  m aking  a p p ro x im a tio n s  and 
s e p a r a te d  i n t o  t h e i r  r e a l  and im a g in a ry  p a r t s .
E v id e n ce  t h a t  m ore th a n  th e  s im p le  p r e c e s s io n  d e s c r ib e d  by e q u a tio n
8 .1 6  t a k e s  p l a c e  i n  y t t r i u m  and sam arium  i r o n  g a r n e t s  i s  fo u n d  by
p l o t t i n g  th e  m ea su red  v a lu e s  o f  F a ra d a y  r o t a t i o n  d i s p la y e d  i n  F ig u re s
10 .3  and 10 .12  a g a in s t  th e  c o r re s p o n d in g  v a lu e  f o r  th e  m a g n e t is a t io n
i n  F ig u re  9 .2 .  F ig u re s  11 .19  and 11 .20  show t h a t  i n t e r p o l a t i o n  o f
th e s e  g ra p h s  d o es  n o t  p a s s  th ro u g h  th e  o r i g i n ,  a  c o n t r a d i c t i o n  o f  th e
s im p le  f e r r o m a g n e t ic  e x p r e s s io n  1 1 .1 . The e q u a t io n s  o f  F rg u re  11 .18
h a v e  t h e r e f o r e  b een  u se d  to  i n v e s t i g a t e  th e  e f f e c t  o f  t h e  r e l a x a t i o n
tim e  and th e  a n is o t r o p y  on th e  F a ra d a y  r o t a t i o n ,  a s  d e s c r ib e d  i n
A ppendix  V I I I .  The m odel d e s c r ib e d  i n  C h a p te r  E ig h t ,  i n  w h ich  th e
d e m a g n e tis a t io n  and a n is o t r o p y  f i e l d s  a r e  b o th  e x p re s s e d  i n  te rm s  o f
d e m a g n e tis a t io n  f a c t o r s ,  e n a b le s  th e  two te rm s  to  be  g ro u p ed  to g e th e r
by r e p l a c in g  th e  p a ra m e te rs  N by  + N . The i n t e r -x » y ,z  x , y , z  x , y , z
p r e t a t i o n  o f  m icrow ave d a t a  t h a t  th e  g y ro m a g n e tic  r a t i o s  hav e  l i t t l e
-2 5 9 -
% r  1—  {w^^-w^}{wo+NyW^}T^+{2wo+N^-Ny}w  ^ I
[«• ^  J
^  [ { ü ) 0 + ü j ^ y } { 2 ï i ) o + N ^ “ N y } a i ^ - { a ) r ^ - ü ) 2 }  J
X_x
DENOMINATOR
^  DENOMINATOR
^  DENOMINATOR
w here ü)q = y (Hg-N^w^)
\  = |jYHo+(N^-N^)w^}{yHo+(Ny-N^)w^]^ 
= AirM.y
N ^, N ^, N^ a r e  th e  d e m a g n e tis a t io n  f a c t o r s  i n  th e  x ,  y  and 
z d i r e c t i o n s  r e s p e c t i v e l y
w i s  th e  a n g u la r  f re q u e n c y  o f th e  r a d i a t i o n
y i s  th e  g y ro m a g n e tic  r a t i o
Hq i s  th e  a p p l ie d  m a g n e tic  f i e l d ,  a p p l i e d  i n  th e  z d i r e c t i o n
F i g u r e  1 1 . 1 8 .  E le m e n t s  o f  t h e  s u s c e p t i b i l i t y  t e n s o r  f o r  t h e  f e r r o ­
m a g n e t i c  mode o b t a i n e d  fro m  Lax and Button®® and  
s e p a r a t e d  i n t o  r e a l  and im a g i n a r y  p a r t s
-260 -
KlO*
s p a e lf le  Faraday 
ro ta t io n
®/cm
Bohr nagnetons
p er two form ula u n its
-2
Q lQ  d ire c tio n  
p l Q  d ire c tio n
Figure 11.19. Experimentally measured sp ec ific  Faraday rotation 
at 891 GHz In yttrium Iron garnet against the 
corresponding magnetisation
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Figure 11.20. Experimentally measured sp ec ific  Faraday rotation 
at 891 GHz In samarium Iron garnet against the 
corresponding magnetisation. Measurements made 
by Frayne.
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v a r i a t i o n  w i th  te m p e ra tu re  h a s  a g a in  b e e n  assum ed . U sing  th e  
a n is o t r o p y  d a ta  shown i n  F ig u re  9 .4 ,  th e  F a ra d a y  r o t a t i o n  i n  th e  [ l 11] 
d i r e c t i o n  o f  a  t h i n  p a r a l l e l - s i d e d  specim en  o f y t t r iu m  i r o n  g a r n e t  h as  
b een  c a l c u l a t e d  and i s  d i s p la y e d  i n  F ig u re  1 1 .2 1 . The c a l c u l a t i o n s  show 
t h a t  l i t t l e  change i n  th e  r o t a t i o n  o c c u rs  b e tw een  th e  undamped c a se  
and t h a t  shown f o r  T = 10“ ^® s e c o n d s . R o ta t io n  a t  th e s e  low dam ping 
v a lu e s  i s  fo u n d  to  h av e  a  l i n e a r  v a r i a t i o n  w ith  m a g n e t i s a t io n ,  t h a t  
p a s s e s  th ro u g h  th e  o r i g i n  and h a s  a  m ag n itu d e  c o n s id e r a b ly  g r e a t e r  th a n  
t h a t  found  e x p e r im e n ta l ly .  Lower v a lu e s  a r e  c a l c u l a t e d  a t  s h o r t e r  
r e l a x a t i o n  t im e s  w i th ,  a s  F ig u re  11.21 show s, a  l i n e a r  e x t r a p o la t i o n  
t h a t  no lo n g e r  p a s s e s  th ro u g h  th e  o r i g i n .  H ow ever, i t  i s  c l e a r  t h a t  
th e  e x p e r im e n ta l  o b s e r v a t io n s  a r e  n o t  e x p la in e d  i f  c o n s ta n t  dam ping 
ta k e s  p l a c e .  A s i t u a t i o n  h a s  t h e r e f o r e  b e e n  i n v e s t i g a t e d  w here a  l i n e a r  
v a r i a t i o n  o f  th e  r e l a x a t i o n  t im e  w i th  te m p e ra tu re  i s  a llo w e d . The 
c a l c u l a t e d  r o t a t i o n  f o r  p r o p a g a t io n  i n  th e  [ l 11] and [ l  10] d i r e c t i o n s  
i s  shown i n  F ig u re  1 1 .2 2 . The p ro p o se d  v a r i a t i o n  o f  T , a l s o  d is p la y e d  
in  F ig u re  1 1 .2 2 , i s  s e e n  t o  i n c r e a s e  w i th  i n c r e a s in g  m a g n e t is a t io n ,  a  
t r e n d  p a r t i a l l y  s u p p o r te d  by  th e  e x p e r im e n ta l  d a ta  w here t r a n s m is s io n  
i n  y t t r iu m  i r o n  g a r n e t  was fo u n d  t o  be g r e a t e s t  a t  low te m p e ra tu re s .
A s im i l a r  p r o c e s s  was c a r r i e d  o u t  t o  c a l c u l a t e  th e  F a ra d a y  r o t a t i o n  
i n  sam arium  i r o n  g a r n e t  by  a g a in  p ro p o s in g  a  l i n e a r  v a r i a t i o n  o f th e  
r e l a x a t i o n  tim e  w ith  te m p e r a tu r e .  The te m p e ra tu re  ra n g e  o v e r  w hich  
th e  e x p e r im e n ta l  m easu rem en ts  w ere  made d e sce n d e d  low er th a n  th e  ra n g e  
o f  th e  a v a i l a b l e  d a ta  on a n is o t r o p y  i n  F ig u re  9 .4»  Two s i t u a t i o n s  have  
th e r e f o r e  b e e n  s tu d i e d  w h ere  t h e  r a t e  o f  in c r e a s e  o f  th e  a n is o t r o p y  
q u ic k ly  r e d u c e s  i n  th e  low  te m p e ra tu re  r e g io n  i n  c u rv e  (a )  o f 
F ig u re  1 1 .2 3 , and a g a in  when th e  r a t e  o f  in c r e a s e  i s  m a in ta in e d  in  
c u rv e  ( b ) . The F a ra d a y  r o t a t i o n  c a l c u l a t e d  f o r  th e  [ l  1Q  and QlcTj 
d i r e c t i o n s  u s in g  v a lu e s  f o r  th e  a n is o t r o p y  c o n s ta n t  i n  c u rv e  ( b ) , 
to g e th e r  w i th  th e  r e l a x a t i o n  p a r a m e te r ,  a r e  shown i n  F ig u re  1 1 .2 4 .
The m odel o n ly  a c c o u n ts  f o r  t h e  e x p e r im e n ta l ly  o b se rv e d  r a p id  r e d u c t io n  
in  th e  r o t a t i o n  a t  low  te m p e ra tu re  when u s in g  th e  p o s tu l a t e d  d a ta  o f 
cu rv e  (b ) o f  F ig u re  1 1 .2 3 . The c a l c u l a t e d  F a ra d a y  r o t a t i o n  i n  th e  [ l  11] 
d i r e c t i o n  i s  s e e n  to  r e v e r s e  s ig n  a t  low te m p e r a tu r e s , w h e reas  th e  
e x p e r im e n ta l  o b s e r v a t io n s  showed r o t a t i o n  i n  th e  [ l  lO] d i r e c t i o n  to  
r e v e r s e  s ig n .  H ow ever, t h e  w ork  o f  H a r r i s o n  e t  a l . 1^8 i l l u s t r a t e d  i n  
F ig u re  9 .3 ,  showed t h a t  th e  r ô l e  o f  th e  e a sy  d i r e c t i o n  o f m a g n e t is a t io n  
changes b e tw een  81 and 5 8 .6°K from  th e  [ l  11] t o  th e  [ l 10] d i r e c t i o n .  
T h is  p r o p e r ty  h a s  n o t  b e e n  ta k e n  i n t o  a c c o u n t i n  t h i s  a n a l y s i s ,  n e i t h e r  
h a s  th e  f u r t h e r  o b s e r v a t io n  o f H a r r i s o n  t h a t  a t  2 3 .6 °K  th e  [ l  11] a x is
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Figure 11.22. (1) Proposed relaxation time and the corresponding 
theoretical sp ec ific  Faraday rotation In (11) the 
[110] direction and (111) the 011] direction against 
magnetisation for yttrium Iron garnet
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Figure 11.23. F irst anisotropy constant for samarium iron
garnet against temperature; after Pearson^®*. 
Two extrapolations of the curve, shown as broken 
lin es (a) and (b ), are introduced to extend the 
calculations to 5°K.
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Figure 11.24. (1) Proposed relaxation time and the corresponding 
theoretical sp ec ific  Farads^ rotation In (1) the 
QlO] direction and (111) the %11l] direction against 
magnetisation for samarium iron garnet
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was in  th e  p r o c e s s  o f becom ing th e  h a rd  d i r e c t i o n  o f m a g n e t is a t io n .
I t  i s  n o te d  t h a t  t h i s  te m p e ra tu re  i s  c lo s e  to  th e  p o in t  a t  w h ich  a 
second  change o c c u rs  i n  th e  g r a d i e n t  o f th e  e x p e r im e n ta l  c u rv e  of 
r o t a t i o n  i n  th e  \ j  1Q d i r e c t i o n  a g a in s t  m a g n e t is a t io n .
The m ag n itu d e  o f  th e  f e r r i c  l a t t i c e  r e l a x a t i o n  tim e  i n f e r r e d  from  t h i s  
a n a ly s i s  i s  v e ry  d i f f e r e n t  fro m  th e  v a lu e  u se d  i n  th e  e a r l i e r  
i n v e s t i g a t i o n s .  When c o n s id e r in g  a  m a g n e tic  r a r e - e a r t h  i r o n  g a r n e t ,  
i t  i s  d i f f i c u l t  t o  a s s e s s  th e  e f f e c t  on when th e  i r o n  su b sy stem  i s  
s i t u a t e d  i n  a  d i f f e r e n t  l a t t i c e .  H ow ever, i t  i s  e n c o u ra g in g  t o  n o te  
t h a t  th e  v a lu e s  o b ta in e d  f o r  b o th  y t t r iu m  and sam arium  i r o n  g a r n e ts  a re  
s i m i l a r .  I t  w ould  t h e r e f o r e  be  i n s t r u c t i v e  i n  a  f u tu r e  e v a lu a t io n  to  
in c lu d e  th e s e  te m p e ra tu re -d e p e n d e n t  v a lu e s  f o r  and f i n d  a c u rv e  of 
b e s t  f i t  f o r  th e  r a r e - e a r t h  r e l a x a t i o n  t im e , A m ore r ig o r o u s  e v a lu a t io n  
sh o u ld  a l s o  in c lu d e  te m p e ra tu re -d e p e n d e n t  g f a c t o r s  and m o le c u la r  f i e l d  
c o e f f i c i e n t s  u s in g  in d e p e n d e n tly  o b ta in e d  r e l a x a t i o n  p a ra m e te rs  from  a 
s u f f i c i e n t l y  d e t a i l e d  s tu d y  o f  th e  f a r  i n f r a - r e d  sp e c tru m  o f  th e  
g a r n e t s .  S p e c tr o s c o p ic  d a t a  h av e  n o t  b een  ta k e n  i n t o  a c c o u n t i n  th e  
p r e s e n t  a n a ly s i s  and i t  i s  e v id e n t  t h a t  i f  a v a i l a b l e ,  th e s e  sh o u ld  be 
in c lu d e d  i n  a  f u t u r e  program m e.
U sing  th e  c u r r e n t l y  docum ented s p e c t r a ,  a b r i e f  a s se s s m e n t i s  g iv e n  as 
t o  w h e th e r  any s e r io u s  p e r t u r b a t i o n  t o  th e  F a rad a y  r o t a t i o n  i s  e x p e c te d .
1 1 .6 . F a r  i n f r a - r e d  s p e c t r a
The m a g n e to - o p t ic a l  a n a ly s i s  d e s c r ib e d  i n  t h i s  c h a p te r  h a s  b een  d e v e lo p e d  
u s in g  th e  c l a s s i c a l  a p p ro a c h  o f  W angsness. As a consequence  any e f f e c t s  
r e s u l t i n g  fro m  in te r b a n d  t r a n s i t i o n s  have  b een  ig n o re d .  A b r i e f  
e x a m in a tio n  o f  th e  f a r  i n f r a - r e d  s p e c t r a  o f  th e  g a r n e t s  i s  t h e r e f o r e  
made i n  o r d e r  to  a s s e s s  th e  e f f e c t  o f s t r o n g  a b s o r p t io n  l i n e s  a t  th e  
te m p e r a tu r e s ,  m a g n e tic  f i e l d s  and  f re q u e n c y  em ployed i n  th e  c u r r e n t  
e x p e r im e n ts .
The m ain  m echanism s p ro d u c in g  a b s o r p t io n  o f  f a r  i n f r a - r e d  r a d i a t i o n  i n  
r a r e - e a r t h  i r o n  g a r n e ts  a r e  m a g n e tic  r e s o n a n c e , e l e c t r o n i c  a b s o rp t io n  
and l a t t i c e  v i b r a t i o n a l ^ .  T hese  p r o c e s s e s  may b e  i d e n t i f i e d  b e c a u se  
m a g n e tic  re so n a n c e s  a re  e x p e c te d  to  be  te m p e ra tu re -d e p e n d e n t ,  w h ile  
e l e c t r o n i c  l i n e s  a r e  u s u a l l y  m a g n e tic  f i e l d  d e p e n d en t and phonon 
a b s o r p t io n  s h o u ld  be  u n a f f e c te d  by  e i t h e r  p a ra m e te rH ® . In  t h i s  m anner 
Yamamoto e t  a l .H ®  and S ie v e r s  and  T ihkhanf^^ hav e  t e n t a t i v e l y  
i d e n t i f i e d  th e  o r i g i n  o f  th e  s p e c t r a  d is p la y e d  in  F ig u re s  9 .5 ,  9 .6  and 
T a b le  9 .3 .
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Cons i d e r i n g  f i r s t  g a d o lin iu m  i r o n  g a r n e t ,  i t  i s  se en  to  have  a s im p le  
f a r  i n f r a - r e d  sp e c tru m  c o n s i s t in g  o f  one l i n e  a t  a p p ro x im a te ly  83 cm“ l .  
T h is  l i n e ,  w h ich  i s  c o n s id e re d  to  be  s u f f i c i e n t l y  rem o te  from  th e  
2 9 .7  cm“ l e m is s io n  l i n e  o f  th e  HCN l a s e r  to  be u n im p o r ta n t  i n  th e  p r e s e n t  
s tu d y ,  was i d e n t i f i e d  by  S ie v e r s  and Tinkhara a s  a  phonon t r a n s i t i o n  and 
i s  p a r t  o f  a  s e r i e s  o f  phonon l i n e s  w h ich  a r e  c h a r a c t e r i s t i c  o f  a l l  th e  
r a r e - e a r t h  i r o n  g a r n e t s .  S p e c i f i c  h e a t  m e a s u r e m e n t s p r e d i c t  a 
s p l i t t i n g  o f th e  g ro u n d  s t a t e  o f  th e  g a d o lin iu m  io n ,  a t  2 7 .8  cm” l ,  in  
th e  exchange  f i e l d .  T h is  i s  n o t  o b se rv e d  and i s  a t t r i b u t e d  by S ie v e r s  
and Tinkham  to  th e  c r y s t a l  f i e l d  b e in g  s m a ll  a s  L = 0 f o r  a  f r e e  
g a d o lin iu m  io n .  A ls o , no exchange  r e s o n a n c e  was o b se rv e d  b e c a u se  th e  
a b s o r p t io n  s t r e n g t h  dep en d s on “  g^^) w h ich  i s  a p p ro x im a te ly  z e ro .
Of th e  o th e r  c r y s t a l s  s t u d i e d ,  sam arium , e rb iu m  and d y sp ro s iu m  i r o n  
g a r n e t s  a l l  p o s s e s s  a b s o r p t io n  l i n e s  t h a t  c a n , u n d e r  c e r t a i n  c o n d i t io n s  
o f te m p e ra tu re  and a p p l ie d  m a g n e tic  f i e l d ,  become c lo s e  to  th e  l a s e r  
f r e q u e n c y . At z e ro  a p p l ie d  f i e l d .  F ig u re s  9 .5  and 9 .6  show t h a t  th e  
l i n e s  i n  e rb iu m  and d y sp ro s iu m  i r o n  g a r n e t s  s h i f t ,  by  some s m a ll  am ount, 
away fro m  th e  l a s e r  f re q u e n c y  a s  th e  te m p e ra tu re  i s  r a i s e d ,  w h ile  th e  
a b s o r p t io n  l i n e  i n  sam arium  i r o n  g a r n e t  p a s s e s  th ro u g h  th e  r a d i a t i o n  
f re q u e n c y  a t  a p p ro x im a te ly  25°K. The m easu rem en ts o f  F ra y n e  i n  
F ig u re  10.21 show t h a t  a t  c e r t a i n  te m p e r a tu r e s ,  s t r o n g  a t t e n u a t i o n  a t  
891 GHz o c c u rs  i n  sam arium  and e rb iu m  i r o n  g a r n e ts  when a p p ly in g  a  6 .5  koe 
m a g n e tic  f i e l d .  F ig u re  9 .5  shows t h a t  a t  4 .2 °K , th e  a b s o r p t io n  f e a t u r e  
i n  d y sp ro s iu m  i r o n  g a r n e t  becom es c o in c id e n t  w ith  th e  l a s e r  e m is s io n  a t  
an  a p p l i e d  m a g n e tic  f i e l d  o f 20 k o e . F i e ld s  o f  n o t  m ore th a n  4 .3  koe 
w ere  p ro d u c e d  i n  th e  p r e s e n t  e x p e r im e n ts  and a lth o u g h  th e  ra n g e  o f 
te m p e ra tu re s  o v e r  w h ich  th e  sp e c tru m  was m easu red  does n o t  e x te n d  to  
th o s e  o f  th e  p r e s e n t  m ea su rem e n ts , th e  g e n e r a l  t r e n d  shown i n  F ig u re  9 .5  
i n d i c a t e s  t h a t  su c h  p u l l i n g  o f th e  a b s o r p t io n  l i n e  w ould  n o t  become 
im p o r ta n t  a t  th e  te m p e ra tu re s  em ployed . T h is  p re m ise  i s  s u p p o r te d  by 
F ig u re  10 .15  w here  t h e r e  i s  no i n d i c a t i o n  o f e n te r in g  an  a b s o r p t io n  b a n d .
A r e a s o n a b le  a c c o u n t o f  th e  F a ra d a y  r o t a t i o n  i n  sam arium  i r o n  g a rn e t  
i s  g iv e n  b y  th e  f e r r o m a g n e t ic  t r e a tm e n t  o f  s e c t io n  11 .5  w h ich  in c lu d e s  
dam ping . H ow ever, a  d is c r e p a n c y  e x i s t s  b e tw een  th e  t h e r o e t i c a l  and 
e x p e r im e n ta l  r e s u l t s  f o r  th e  [ i l l ]  d i r e c t i o n  below  a p p ro x im a te ly  20°K.
I t  i s  t h e r e f o r e  s i g n i f i c a n t  to  n o te  t h a t  F ig u re  1 0 .2 1 (b )  shows an  
a b s o r p t io n  f e a t u r e  i n  t h i s  ra n g e  w h ich  i n d i c a t e s  t h a t  th e  c l a s s i c a l  
a n a ly s i s  i s  i n s u f f i c i e n t  i n  t h i s  te m p e ra tu re  r e g io n .
The a b s o r p t io n  l i n e s  i n  d y sp ro s iu m  and e rb iu m  i r o n  g a r n e t s  hav e  b een
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i d e n t i f i e d  a s  f e r r im a g n e t i c  re so n a n c e ^ ^ ® > The a n a ly s i s  o f 
s e c t i o n  11 .3  i n d i c a t e s  t h a t  th e  o c c u r re n c e  o f f e r r m a g n e t i c  r e s o n a n c e  
a t  th e  d i s c r e t e  f r e q u e n c y  o f  891 GHz i s  a  f u n c t io n  o f  th e  r e l a x a t i o n  
p a ra m e te r  o f  th e  r a r e - e a r t h  io n .  T h is  i s  c o n s i s t e n t  w i th  th e  t h e o r e t i c a l  
c h a r a c t e r i s t i c s  o f  th e  d i s s i p a t i v e  com ponent o f  th e  s u s c e p t i b i l i t y  
t e n s o r  i n  F ig u re  1 1 . 8 ( b ) ( i i )  and 11 . 8 ( b ) ( i i i )  w h ich  show t h a t  th e  
f re q u e n c y  o f  th e  a b s o r p t io n  l i n e  i s  a l s o  d e p e n d en t on th e  r e l a x a t i o n  
t im e .
E l e c t r o n i c  t r a n s i t i o n s  have  b e e n  i d e n t i f i e d  i n  te rb iu m  i r o n  g a r n e t  a t  
36 cm“  ^ and  i n  holm ium  i r o n  g a r n e t  a t  2 9 .4  cm” ^. The e x p e r im e n ts  o f 
Yamamoto e t  a l .  on te rb iu m  i r o n  g a r n e t  w ere  p e rfo rm e d  a t  a  maximum 
te m p e ra tu re  o f  4 .2 °K . I t  c a n  o n ly  be  assum ed t h e r e f o r e  t h a t  b e c au se  
th e  a b s o r p t io n  l i n e  i s  e l e c t r o n i c  i n  o r i g i n ,  i t s  f re q u e n c y  i s  u n a l t e r e d  
a t  th e  te m p e ra tu re s  u se d  i n  th e  p r e s e n t  e x p e r im e n ts .  I n  c o n t r a s t ,  th e  
2 9 .4  cm”  ^ l i n e  i n  holm ium  i r o n  g a r n e t  i s  shown t o  be m e a s u ra b le  a t  70°K. 
I n  b o th  c a s e s  no in f o r m a t io n  was a t t a i n e d  on th e  b e h a v io u r  o f  th e  
s p e c t r a l  l i n e s  w i th  a p p l ie d  m a g n e tic  f i e l d .  I t  i s  d i f f i c u l t  t h e r e f o r e  
t o  a s s e s s  th e  e f f e c t  o f  su ch  t r a n s i t i o n s  on th e  F a ra d a y  r o t a t i o n s .  
H ow ever, r e f e r e n c e  c a n  a g a in  be  made to  th e  m easu rem en ts  o f  C h a p te r  Ten 
d i s p la y e d  i n  F ig u r e  1 0 .2 0 (b ) f o r  te rb iu m  i r o n  g a r n e t  and i n  F ig u re  10.17 
f o r  holm ium  i r o n  g a r n e t .  T h is  d a t a ,  w h ich  r e p r e s e n t s  c o n d i t io n s  o f 
b o th  z e ro  and 4 .3  koe  a p p l ie d  f i e l d ,  do es  n o t  i n d i c a t e  th e  p r e s e n c e  o f  
an  e l e c t r o n i c  t r a n s i t i o n .
A f u r t h e r  i n d i c a t i o n  t h a t  th e s e  a b s o r p t io n  l i n e s  h av e  l i t t l e  e f f e c t  
on F a ra d a y  r o t a t i o n  a t  th e  HCN l a s e r  f re q u e n c y  i s  o b ta in e d  from  th e  
f i t  o f th e  c l a s s i c a l  c u rv e  t o  th e  e x p e r im e n ta l  d a t a .  P e r tu r b a t i o n  due 
t o  an  e l e c t r o n i c  t r a n s i t i o n  i s  e x p e c te d  t o  be  g r e a t e s t  a t  th e  low er 
te m p e ra tu re s  w here  th e rm a l  d e p o p u la t io n  i s  m ost p ro n o u n ce d . The v a lu e s  
o f  th e  g f a c t o r s  and r e l a x a t i o n  t im e s  c h o sen  f o r  e a c h  g a r n e t  e n a b le d  
a  good f i t  o f  th e  t h e o r e t i c a l  c u rv e  t o  th e  e x p e r im e n ta l  r e s u l t s  b o th  
a t  h ig h  and a t  low  te m p e r a tu r e s .  The p re s e n c e  o f  a  s i g n i f i c a n t l y  
s t r o n g  in te r b a n d  t r a n s i t i o n  w ould  b e  e x p e c te d  t o  a l t e r  th e  F a ra d a y  
r o t a t i o n  i n  a  m anner s i m i l a r  t o  t h a t  d e s c r ib e d  by  H a lp e m  e t  a l .^ ^ ® .
From a  q u a n tu m -m e c h an ic a l a n a ly s i s  H a lp e m  e t  a l .  c a l c u l a t e d  th e  F a rad a y  
r o t a t i o n  in t r o d u c e d  by  an  in te r h a n d  t r a n s i t i o n  i n  a  s e m ic o n d u c to r . 
R eproduced  i n  F ig u r e  1 1 .2 5 , th e  v a r i a t i o n  o f  t h i s  r o t a t i o n  i s  shown as  
th e  r a d i a t i o n  f re q u e n c y  i s  sw ep t th ro u g h  t h a t  o f  th e  t r a n s i t i o n .
P l o t t e d  a g a i n s t  ((ü- w^ ) t , t h e  r o t a t i o n  i s  shown f o r  s e v e r a l  v a lu e s  o f 
yHt .  H ere  w i s  th e  r a d i a t i o n  f r e q u e n c y ,  th e  t r a n s i t i o n  f r e q u e n c y ,
T th e  p h e n o m e n o lo g ic a l r e l a x a t i o n  t im e  and y  th e  g y ro m a g n e tic  r a t i o  o f  the.
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Figure 11.25. Plots o f calculated Faraday rotation, indirect 
tran sition , as a function of frequency for  
different values o f yHt. After Halpem, Lax 
and Nishina*26.
-2 7 1 -
a t t e n u a t i n g  io n  s i t u a t e d  in  a  f i e l d  H. Low v a lu e s  o f yHt r e p r e s e n t  
c o n d i t io n s  a t  room te m p e ra tu re  o r  low f i e l d ,  w h ile  h ig h  v a lu e s  c o rre sp o n d  
to  low te m p e ra tu re s  o r  h ig h  f i e l d .  The v a lu e  o f yHx i s  se en  to  have a 
c o n s id e r a b le  e f f e c t  on th e  sh ap e  o f  th e  c u r v e .  Hence f o r  c o n d i t io n s  o f 
f ix e d  r a d i a t i o n  f re q u e n c y  i t  i s  t h e r e f o r e  e x p e c te d  t h a t  a  s i g n i f i c a n t  
c o n t r i b u t i o n  to  th e  F a ra d a y  r o t a t i o n  from  a  t r a n s i t i o n  w ould v a ry  as  
th e  te m p e ra tu re  i s  a l t e r e d  and  be  r e s o lv e d  from  th e  c l a s s i c a l  cu rv e  
s h a p e .
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CHAPTER TWELVE 
CONCLUSIONS AND FURTHER WORK
The i n v e s t i g a t i o n s  c a r r i e d  o u t  i n  t h i s  program me o f work w ere ap p ro ach ed  
w ith  th e  a im  o f d e v e lo p in g  te c h n iq u e s  f o r  m o d u la tin g  s u b m il l im e tre  
r a d i a t i o n ,  e i t h e r  f o r  th e  p u rp o se  o f im p re s s in g  in fo r m a t io n  on to  th e  
beam o r  f o r  g e n e r a t i n g  h ig h e r  p o w e rs , t h i s  l a t t e r  a s p e c t  b e in g  
su p p lem en ted  by  an  i n v e s t i g a t i o n  i n t o  im p ro v in g  th e  p e rfo rm a n c e  o f 
d e t e c t o r s .
C o n s id e r in g  f i r s t  t h e  i n t e r n a l  m o d u la tio n  o f  th e  l a s e r ,  some enhancem ent 
o f th e  l a s e r  o u tp u t  pow er was o b ta in e d  by Q -s w itc h in g  and th e  p r e d i c t i o n  
was made i n  s e c t i o n  6 .4  t h a t  th e  pum ping r a t e  i n  th e  15 cm d ia m e te r  
l a s e r  was s u f f i c i e n t  t o  e n a b le  f u r t h e r  im provem ents to  be made by u s in g  
a  s u i t a b l e  Q -s w itc h . H ow ever, th e  v a lu e  o f pump r a t e  c a lc u la t e d  from  
th e  p u ls e d  l a s e r  o u tp u t  u se d  th e  a s su m p tio n  t h a t  th e  p e a k  a b s o r p t io n  
c r o s s - s e c t i o n  f o r  p u ls e d  e x c i t a t i o n  i s  u n a l t e r e d  from  t h a t  f o r  d . c .  
e x c i t a t i o n .  T h is  i n f e r e n c e  i s  b a sed  on th e  o b s e r v a t io n s  o f low e l e c t r o n  
te m p e ra tu re  and t h a t  th e  io n  c o n v e rs io n  p r o c e s s  a p p e a r s  to  be  u n a l t e r e d  
th ro u g h o u t t h e  e n t i r e  ra n g e  o f  e l e c t r o n  d e n s i t i e s  p ro d u c e d . The v a l i d i t y  
o f th e  c a l c u l a t i o n s  o f  pump r a t e  w ould be  s u p p o r te d  by a m ore d i r e c t  
m easu rem en t o f  th e  p e a k  a b s o r p t io n  c r o s s - s e c t i o n  d u r in g  p u ls e d  i o n i s a t i o n  
and by a  b e t t e r  t h e o r e t i c a l  u n d e rs ta n d in g  o f th e  m echanism  o f e x c i t a t i o n  
o f  th e  HCN m o le c u le .  As r e p o r t e d  i n  s e c t i o n  6 . 4 . 2 ,  SchU tzau  and 
K neubühl^^ p ro p o se d  t h a t  e n e rg y  i s  t r a n s f e r r e d  to  th e  HCN m o le c u le  from  
an H2 m o le c u le .  H ow ever, i t  was n o te d  i n  s e c t i o n  6 .5  t h a t  F ig u re s  6 .5  
and 6 .1 1 (b )  t o g e t h e r  im p ly  t h a t  th e  pump r a t e  i s  g r e a t e r  th a n  th e  o v e r a l l  
re c o m b in a t io n  r a t e .  The h y d ro g en  m o le c u le s  m ust t h e r e f o r e  d o n a te  e n e rg y  
to  th e  a c t i v e  s p e c i e s  many t im e s  d u r in g  t h e i r  l i f e t i m e s .  T h is  s u g g e s ts  
t h a t  th e  H2 p a r t i c l e s  i n  th e  l a s e r s  s tu d ie d  i n  t h i s  w ork a r e  d e - e x c i t e d  
th ro u g h  a  s e r i e s  o f  e q u a l ly  sp a c e d  l e v e l s  on r e p e a te d  c o l l i s i o n  w ith  
o th e r  p a r t i c l e s .  A m ass s p e c t r o s c o p ic  a n a ly s i s  t o  d e te rm in e  th e  
d e n s i t i e s  o f  th e  p a r t i c l e  s p e c ie s  o c c u r r in g  d u r in g  th e  p u ls e  i o n i s a t i o n  
o f  th e  a c t i v e  medium w ould e n a b le  a  c a l c u l a t i o n  o f  th e  H2 -  HCN c o l l i s i o n  
r a t e  t o  b e  made and i n d i c a t e  th e  f e a s i b i l i t y  o f such  a  pum ping m echanism .
I t  i s  e v id e n t  t h a t  f u r t h e r  im provem ents can  b e  made to  th e  Q -sw itc h in g  
te c h n iq u e s  s t u d i e d .  The l o s s e s  in c u r r e d  by p la c in g  a  M e lin ex  window 
a c ro s s  th e  c a v i t y  d e g ra d e d  th e  Q -sw itc h in g  p r o c e s s .  A f u r t h e r  
i n v e s t i g a t i o n  may b e n e f i t  by  o r i e n t a t i n g  th e  window a t  th e  B re w s te r
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a n g le .  M elin ex  f i lm  was a l s o  u sed  a s  th e  beam d iv id e r  in  th e  M ich e lso n  
a rra n g e m e n t of th e  l a s e r .  I o n i s in g  th e  s id e  arm o f such  an i n t e r ­
f e ro m e te r  showed t h a t  i t  i s  p o s s ib l e  t o  Q -sw itc h  a  d . c .  e x c i te d  l a s e r  
by t h i s  t e c h n iq u e ,  b u t  g e n e r a t io n  o f h ig h  pow ers r e q u i r e s  m o d u la tin g  
a  p u l s e - e x c i t e d  l a s e r .  The la c k  o f s u c c e s s  w i th  t h i s  was a l s o  
a t t r i b u t e d  to  th e  M e lin ex  f i l m ,  i n  t h i s  c a s e  to  i t s  f l e x i b i l i t y .  
V ib r a t io n s  i n  th e  f i l m ,  i n i t i a t e d  by th e  p u ls e d  d i s c h a r g e ,  o c c u r  and 
v a ry  th e  r e l a t i v e  p h a se  b e tw een  th e  two su p e rim p o sed  o u tp u t  beam s. I t  
i s  t h e r e f o r e  s u g g e s te d  t h a t  f u t u r e  e x p e r im e n ts  sh o u ld  i n c o r p o r a te  r i g i d  
beam s p l i t t e r s .  TPX and PTFE have b een  fo u n d  to  p o s s e s s  low t r a n s m is s io n  
lo s s e s  a t  337 ym^^^ and an  i n v e s t i g a t i o n  by F rank^  s u g g e s ts  t h a t  q u a r t z  
and s a p p h ir e  c r y s t a l s ,  w h ich  w ere grown t o  a  d ia m e te r  o f 10 cm, w ould 
fo rm  good beam s p l i t t e r s  a t  t h i s  w a v e le n g th .
The aim  o f  th e  t h e o r e t i c a l  and e 3 q )e rim en ta l e v a lu a t io n  o f p o i n t - c o n ta c t  
d io d e s  was t o  p ro d u c e  a  d e t e c t o r  w i th  an  im proved  p e rfo rm a n c e . Some 
s u c c e s s  was o b ta in e d  w i th  th e  tu n g s te n  t o  g a l l iu m  a r s e n id e  d io d e ,  b u t  
th e  a d v a n ta g e  o f  low  o u tp u t  im pedance o f  m e t a l - i n s u l a to r - m e ta l  
s t r u c t u r e s  may w a r ra n t  c o n tin u e d  i n v e s t i g a t i o n .  I t  i s  c o n s id e re d  t h a t  
th e  f o r m u la t io n  o f  th e  m odel o f  a  p o i n t - c o n ta c t  d io d e  w ent some way to  
e x p la in in g  th e  c h a r a c t e r i s t i c s  o f th e s e  d e v ic e s  and in d ic a te d  t h a t  
f u r t h e r  im provem ent i n  th e  o u tp u t  from  M-I-M d io d e s  i s  p o s s i b l e .  The 
t h e o r e t i c a l  c u rv e s  o f  F ig u re  7 .9  i n d i c a t e  t h a t  a  m o d era te  i n c r e a s e  i n  
th e  d i f f e r e n c e  b e tw een  th e  w ork f u n c t io n s  o f th e  two e l e c t r o d e s  w ould 
p ro d u c e  a  l a r g e  i n c r e a s e  i n  th e  o u tp u t  v o l t a g e .  I t  w ould t h e r e f o r e  be 
in fo r m a t iv e  i n  f u tu r e  s tu d i e s  to  s e l e c t  m e ta ls  w i th  a  g r e a t e r  d i f f e r e n c e  
i n  w ork f u n c t io n  from  t h a t  o f  tu n g s te n  th a n  w ere em ployed i n  th e  p r e s e n t  
w ork . B arium , p o ta s s iu m , l i th iu m  and sodium  have been  fo u n d  to  p o s s e s s  
low v a lu e s  o f w ork f u n c t i o n ^ b u t  w ould b e  in c o n v e n ie n t  f o r  d io d e  
f a b r i c a t i o n  a s  th e y  a r e  h i g h ly  r e a c t i v e  i n  e le m e n ta l  fo rm . C e r ta in  
c o m m e rc ia lly  m a n u fa c tu re d  c a th o d e  m a t e r i a l s  hav e  low work f u n c t io n s  and 
m ig h t b e  u se d  f o r  a  d io d e  s u b s t r a t e .  H ow ever, th e s e  a r e  p ro d u ced  from  
tu n g s te n  w ith  l e s s  th a n  a  m ono layer o f caesiu m  a t  th e  s u r f a c e  and i t  
c a n n o t b e  c e r t a i n  t h a t  th e  m a c ro -s u r fa c e  p r o p e r t i e s  a re  r e p r e s e n t a t i v e  
o f  l o c a l i z e d  a r e a s  o f th e  d im e n s io n s  o f  a  p o i n t —c o n ta c t .  A f u r t h e r  
a p p ro a c h  i s  to  u s e  a  r a r e - e a r t h .  G ado lin ium  i s  known to  have  a low 
work f u n c t io n ^ ^ ^  and th e  m easu rem en ts o f  C h a n d l e r ^ ^ O  have  shown t h i n  
f i lm s  o f  g a d o lin iu m , te rb iu m  and d y sp ro s iu m  grown and aged i n  u l t r a  
h ig h  vacuum  t o  p o s s e s s  th e  low  w ork f u n c t io n  v a lu e s  d is p la y e d  in  
T ab le  1 2 .1 . On e x p o s u re  t o  a i r ,  th e  r e s i s t a n c e s  o f th e s e  f i lm s  w ere 
fo u n d  t o  be  l i t t l e  d i f f e r e n t  t o  th o s e  m easu red  in s id e  th e  vacuum sy stem
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T a b le  12.1
V a lu es  o f  th e  w ork f u n c t io n s  o f  r a r e - e a r t h  t h i n  f i lm s  
grown and aged  i n  u l t r a  h ig h  vacuum .
A f te r  C h a n d le rlS O . E r r o r s  r e p r e s e n t  s p re a d  i n  r e a d in g s , 
O nly one f i l m  o f d y sp ro s iu m  was m e a su red .
R a r e - e a r th
Work f u n c t io n  (eV)
F re s h Aged
G ado lin ium
T erbium
D ysprosium
3 .5 4 5  ± 0 .3 7  
3 .151  ± 0 .3 3 5  
3 .0 7 7
3 .4 6 7  ± 0 .405  
3 .081  ± 0 .385  
2 .9 7
i n d i c a t i n g  t h a t  th e  s u r f a c e  becom es p a s s iv a te d  and t h a t  s u f f i c i e n t  
m e ta l  re m a in s  t o  form  an  e l e c t r o d e .
Two a s p e c t s  o f  th e  d ev e lo p m en t o f  d io d e  d e t e c t o r s  t h a t  have n o t  been  
c o n s id e re d  in  t h i s  w ork a r e  th o s e  o f c o u p lin g  th e  r a d i a t i o n  i n t o  th e  
a n te n n a  and o f im p ro v in g  th e  f a b r i c a t i o n  te c h n iq u e  to  p ro d u ce  a more 
m e c h a n ic a l ly  ru g g ed  d e v ic e .  I t  i s  s u g g e s te d  t h a t  s t r e n g th e n e d  low 
c a p a c i ty  d io d e s  may be  c o n s t r u c te d  by i n s e r t i n g  a  m e ta l  o r  sem ic o n d u c to r  
m a t e r i a l  i n t o  a  t r a n s p a r e n t  s u b s t r a t e  and g row ing  a  t r a n s p a r e n t  
d i e l e c t r i c  medium on th e  s u b s t r a t e .  Removal o f  th e  d i e l e c t r i c  b y , f o r  
ex am p le , io n  beam e t c h i n g ,  i n  a  s m a ll  r e g io n  o v e r  th e  e le c t r o d e  a s  
i l l u s t r a t e d  i n  F ig u re  1 2 .1 ( a )  w ould  e n a b le  a  second  e le c t r o d e  to  be 
s p u t t e r e d  on t o  th e  u p p e r  s u r f a c e  o f  th e  d i e l e c t r i c .  The s te e p  s id e s  
o f  th e  t ro u g h  e tc h e d  i n t o  th e  i n s u l a t o r  e n s u re  a  low c a p a c i ty  be tw een  
th e  two e l e c t r o d e s .  A te c h n iq u e  f o r  p ro d u c in g  a  r i g i d  a n te n n a  was 
su g g e s te d  by F a r  i s  and G u s ta fso n ^  w here a  f i n e  l i n e  i s  d e p o s i te d  on 
t o  a  g l a s s  o r  q u a r t z  s l i d e  by  s p u t t e r i n g  tu n g s te n  th ro u g h  a  shadow 
m ask. By p a r t i a l l y  im m ersing  th e  s l i d e  i n  an  e l e c t r o l y t e ,  th e y  e l e c t r o -  
c h e m ic a l ly  e tc h e d  th e  tu n g s te n  by  th e  same m ethod a s  t h a t  u sed  f o r  a 
w i r e .  A t a p e r  was fo rm ed  a t  t h e  m in is c u s  o f  th e  l i q u i d  a s  i l l u s t r a t e d  
i n  F ig u re  1 2 .1 (b )  w h ich  c o u ld  e a s i l y  b e  re d u c e d  t o  a  t i p  s i z e  o f  3000 &. 
F a r  i s  and  G u s ta fs o n  f e l t  t h a t  by  i n c r e a s in g  th e  th ic k n e s s  o f th e  l i n e  
and th e  g r a i n  s i z e  o f th e  tu n g s te n  to  r e d u c e  p r e f e r e n t i a l  e tc h in g  a t  
th e  g r a i n  b o u n d a r ie s ,  m ic r o s t r u c t u r e s  o f  l e s s  th a n  500 X c o u ld  be  form ed, 
They p ro p o se d  t h a t  su ch  a  te c h n iq u e  c o u ld  le a d  to  th e  c o n s t r u c t io n  o f 
m e c h a n ic a l ly  s t a b l e  h ig h  f r e q u e n c y  d io d e s .  I t  i s  now su g g e s te d  t h a t
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Figure 12.1. (a) Cross-section of a low capacity diode formed by
etching away a d ie lectr ic  medium deposited on an 
electrode inserted Into a substrate, (b) formation 
of a point o f a m etallic film  deposited on a substrate; 
after Paris and Gustafson'^^, and (c)-(1 ) cross- 
section and (11) plan view of an electrode Inserted 
Into a substrate with a sputtered electrode etched to 
form a low capacity junction
—276—
s p u t t e r i n g  such  a  l i n e  on to  th e  s u r f a c e  o f  a  t r a n s p a r e n t  s u b s t r a t e  
and a c r o s s  an  i n s e r t e d  e l e c t r o d e  a s  d e s c r ib e d  above w ould fo rm  a rugged  
i n t e g r a t e d  d io d e  and  a n te n n a . As a  c h e a p e r  a l t e r n a t i v e  to  io n  beam 
e t c h i n g ,  i t  i s  f e a s i b l e  t h a t  th e  d i e l e c t r i c  may b e  o m it te d  and th e  
a n te n n a  s p u t t e r e d  on t o  th e  o x id is e d  s u r f a c e  o f  th e  i n s e r t e d  e le c t r o d e  
and e tc h e d  in  th e  m anner o f  P a r i s  and G u s ta fs o n . By m o n ito r in g  a 
c u r r e n t  p a s s in g  b e tw e en  th e  a n te n n a  and th e  e l e c t r o d e ,  th e  e tc h in g  
p r o c e s s  w ould be te r m in a te d  when a  s u f f i c i e n t l y  s m a ll j u n c t io n  i s  form ed 
b e tw een  th e  a n te n n a  edge o f th e  i n s e r t e d  e l e c t r o d e ,  a s  shown in  
F ig u re  1 2 .1 ( c ) .
W hisker a n te n n a e  h a v e  b e e n  m ounted i n  f r e e  sp a c e  a s  a d o p ted  i n  t h i s  
program m e, and h av e  b e e n  m ounted t r a n s v e r s e l y  to  th e  d i r e c t i o n  o f 
p r o p a g a t io n  i n  0 -b an d  w a v e g u id e . H ow ever, th e  m ost s u c c e s s f u l  
a rra n g e m e n t h a s  b e e n  shown by K r â u t l e  e t  a l . ^ ^ ^  to  be  t o  m ount th e  
a n te n n a  i n  th e  r i g h t - a n g l e  c o rn e r  o f  a  p a i r  o f  m i r r o r s ,  a s  i l l u s t r a t e d  
i n  F ig u re  1 2 .2 ( a ) .  W ith  a  w h is k e r  p la c e d  1 .2  w a v e le n g th s  from  th e  c o r n e r ,  
t h i s  sy s te m  was found  to  hav e  a  g a in  o f  12 dB r e l a t i v e  to  an  a n te n n a  in  
f r e e  s p a c e .  F o r f u r t h e r  d ev e lo p m en t o f t h i s  sy s te m , i t  i s  p ro p o se d  t h a t  
an i n t e g r a t e d  d io d e  and a n te n n a  be  c o n s t r u c te d  on th e  b ro a d  f a c e  o f a 
r ig h t - a n g l e d  p r is m  o f  t r a n s p a r e n t  d i e l e c t r i c ,  and th e  o th e r  two f a c e s  
be m e t a l l i s e d .  The p r is m  may th e n  be i n s e r t e d  i n t o  th e  apex  o f two 
m i r r o r s ,  a s  shown i n  F ig u re  1 2 .2 ( b ) .  Such an a rra n g em en t c an , i n  
p r i n c i p l e ,  le n d  i t s e l f  t o  an  i n v e s t i g a t i o n  in v o lv in g  o th e r  m ir r o r  
p r o f i l e s .
I t  may be  assum ed t h a t  th e  d e v e lo p m en t o f  im proved  f a r  i n f r a - r e d  
s o u rc e s  and d e t e c to r s  may le a d  t o  an  i n c r e a s e  i n  a c t i v i t y  a t  s u b m il l im e tre  
w a v e le n g th s  and c r e a t e  a  re q u ire m e n t  f o r  m o d u la to rs  and n o n - r e c ip r o c a l  
d e v ic e s .  The t h e o r e t i c a l  e v a lu a t io n  o f th e  g a r n e t s  showed t h a t  i n  th e  
r e g io n  o f  n e g l i g i b l e  a n i s o t r o p y ,  th e  F a ra d a y  r o t a t i o n  may b e  p r e d i c te d  
p ro v id e d  t h a t  m a g n e t i s a t i o n s ,  th e  Landë g f a c t o r s  and th e  r e l a x a t i o n  
tim e s  a r e  known. Hence th e  a n a ly s i s  o f  C h a p te r  E le v e n  may p ro v id e  an  
a id  t o  th e  d e s ig n  o f  m a g n e tic  com ponen ts . Of th e  f i v e  g a r n e t s  shown 
i n  F ig u re  1 0 .2 2 , sam arium  i r o n  g a r n e t  i s  s e e n  to  p o s s e s s  th e  b e s t  f i g u r e  
o f  m e r i t  b u t  i t  i s  e v id e n t  t h a t  f u r t h e r  w ork i s  r e q u i r e d  to  d e te rm in e  
th e  t r a n s m is s io n  p r o p e r t i e s  o f  th e  o th e r  g a r n e t s .  How ever, th e  f i g u r e  
o f m e r i t  i s  o n ly  one p a ra m e te r  t o  be c o n s id e re d  in  th e  d e s ig n  o f  a  
m o d u la to r .  A lth o u g h  m o d u la tio n  f r e q u e n c ie s  a r e  t h e o r e t i c a l l y '  p o s s ib l e  
up to  th e  in v e r s e  o f  th e  r e l a x a t i o n  tim e  o f  th e  m a g n e tic  specim en^ 
p r a c t i c a l  d i f f i c u l t i e s  l i m i t  th e  g e n e r a t io n  o f h ig h  pow er h ig h  f re q u e n c y  
m a g n e tic  f i e l d s ^ ^ ^ .  To p ro d u c e  an  a n a lo g u e  s i g n a l ,  a  h ig h  v a lu e  o f
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Figure 12.2>:. (a) Whisker antenna mounted In the corner of a pair 
o f mirrors mutually a t right angles. Antenna shown 
orientated perpendicularly to  the plane of the page, 
(b) Antenna deposited on the broad face of a 
d ie lec tr ic  prism, the other faces being metallised. 
The prism i s  mounted In the apex of two mirrors.
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th e  g r a d i e n t  dG^/dEg i s  needed  i n  o rd e r  t o  keep  th e  r e q u i r e d  m o d u la tio n  
d e p th  o f  th e  m a g n e tic  f i e l d  to  a  minimum. 0^ and Hq a r e  th e  F a rad a y  
r o t a t i o n  and th e  m a g n itu d e  o f  th e  a p p l ie d  f i e l d  r e p s e c t i v e l y .  To o b ta in  
r e p r o d u c ib le  m o d u la tio n  o f  th e  ty p e  n e c e s s a ry  f o r  Q -s w itc h in g , th e  
p o l a r i s a t i o n  sh o u ld  be  s w itc h e d  b e tw een  c o n d i t io n s  o f * s a tu r a te d  
r o ta t io n *  w here dSp/dHg = 0 , and t h i s  c o n d i t io n  sh o u ld  be a t t a in e d  a t  
a low v a lu e  o f  a p p l ie d  m a g n e tic  f i e l d .  The w ork o f F rayne^^  and B irc h  
and J o n e s s h o w  th e  p o l y c r y s t a l l i n e  s p in e l  f e r r i t e s  5E1 and SCI to  
have f i g u r e s  o f m e r i t  a t  room  te m p e ra tu re  o f  260° and 150° r e s p e c t i v e l y  
a t  891 GHz w hich  a r e  s u p e r io r  t o  th o s e  o f th e  g a r n e ts  m easured  i n  t h i s  
w ork . H ow ever, F ig u re s  1 0 .8  to  10.11 show s a t u r a t i o n  i n  th e  r a r e - e a r t h  
i r o n  g a r n e t s  t o  o c c u r  a t  room  te m p e ra tu re  a t  a  f i e l d  o f a p p ro x im a te ly  
450 o e , w h i le  th e  c u rv e s  o f  B irc h  and J o n e s ,  re p ro d u c e d  i n  F ig u re  1 2 .3 , 
show t h a t  a  f i e l d  a p p ro a c h in g  4 koe i s  n e c e s s a ry  to  p ro d u ce  t h i s  
c o n d i t io n  i n  5E1 and 8C1. I t  i s  t h e r e f o r e  p o s s ib l e  to  o b ta in  h ig h e r  
m o d u la tio n  f r e q u e n c ie s  th a n  th e  2 MHz v a lu e  a c h ie v e d  by B irc h  and Jo n e s  
by u s in g  a  r a r e - e a r t h  i r o n  g a r n e t .
F ig u re  10 .22  shows t h a t  a  r e q u ir e m e n t  f o r  an  im proved f i g u r e  o f  m e r i t  
c o u ld ,  w i th  th e  c h o ic e  o f  th e  a p p r o p r i a t e  m a t e r i a l ,  be  m et by c o o lin g  
th e  sp e c im en . A lth o u g h  th e  h ig h e r  f i e l d  r e q u i r e d  to  s a t u r a t e  th e  
g a r n e t  w ould n o t  n e c e s s a r i l y  i n h i b i t  i t s  u s e  f o r  n o n - r e c ip r o c a l  d e v ic e s ,  
th e  p e rfo rm a n c e  o f  a  m o d u la to r  w ould be im p a ire d . The e x p e r im e n ta l  
g ra p h s  i n  F ig u re s  1 0 .8  t o  10.11 show t h a t ,  a s  th e  te m p e ra tu re  i s  
r e d u c e d , th e  e f f e c t  o f  a n is o t r o p y  becom es m ore p ro n o u n ce d . F o r y t t r iu m  
i r o n  g a r n e t  and sam arium  i r o n  g a r n e t ,  t h e s e  c o n d i t io n s  have  b een  
s im u la te d  t h e o r e t i c a l l y  w i th  some s u c c e s s  by th e  s in g l e  l a t t i c e  m o d el, 
b u t  th e  d o u b le  s u b l a t t i c e  m odel o f th e  o th e r  r a r e - e a r t h  i r o n  g a r n e ts  
h a s  n o t  b e e n  t e s t e d  s u f f i c i e n t l y  t o  c o n firm  i t s  u se  a s  a  t o o l  f o r  th e  
d e s ig n  o f  com ponen ts . I t  i s  t h e r e f o r e  s u g g e s te d  t h a t  f u r t h e r  e v a lu a t io n  
u s in g  th e  com puter program m e d e s c r ib e d  i n  A ppendix  V I I I  sh o u ld  b e  c a r r i e d  
o u t o v e r  a  w id e r  ra n g e  o f  m a g n e t i s a t i o n s ,  r e l a x a t i o n  t im e s  and g f a c t o r s .
I t  h a s  b e e n  s u g g e s te d  by  M oss^^^ t h a t  th e  d i f f i c u l t i e s  in c u r r e d  in  
p ro d u c in g  h ig h  f re q u e n c y  m a g n e tic  f i e l d s  c o u ld  be  overcom e by u s in g  
th e  m a g n e tic  conq>onent o f  r . f .  e le c t r o m a g n e t ic  f i e l d s .  The p r a c t i c a b i l i t y  
o f  su ch  a  te c h n iq u e  i s  shown t o  b e  l im i t e d  by  c o n s id e r in g  an  exam ple 
f o r  10 cm w a v e le n g th  r a d i a t i o n  i n  w h ich  th e  p eak  f i e l d  i n  a  w avegu ide  
o f  à  1 MW beam i s  o n ly  40 g a u s s .  N e v e r th e le s s ,  a  f u t u r e  program me o f 
w ork c o u ld  in c lu d e  an  i n v e s t i g a t i o n  o f  e l e c t r o - o p t i c  e f f e c t s  a t  sub ­
m i l l i m e t r e  w a v e le n g th s  a s  su c h  a  p r o c e s s  c o u ld  r e n d e r  f e a s i b l e
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Figure 12.3. Specific Faraday rotation at 691 GHz against applied 
magnetic f ie ld  in the polycrystalline spinel 
fer r ite s  5E1 and 8C1. After Birch and Jones^^.
—280-
m o d u la tio n  a t  m icrow ave f r e q u e n c ie s .  Work c a r r i e d  o u t u s in g  n e a r  i n f r a ­
re d  r a d i a t i o n ^ h a s  shown t h a t  th e  c a p a c i ty  o f  th e  e le c t r o d e s  i n  a  
K err c e l l ,  t o g e th e r  w i th  th e  h ig h  v o l t a g e s  r e q u i r e d ,  i n h i b i t  th e  u se  o f 
a  d i r e c t  m o d u la tio n  te c h n iq u e .  H ow ever, Kaminow^^^ found  t h a t  0 ,8 5  ym 
w a v e le n g th  r a d i a t i o n ,  when p a s se d  th ro u g h  a  c r y s t a l  o f p o ta s s iu m  
d ih y d ro g e n  p h o sp h a te  i n  a  s u i t a b l e  c a v i t y ,  can  be  m o d u la ted  a t  9 GHz by 
th e  e l e c t r i c  f i e l d  o f  an  e le c t r o m a g n e t ic  wave and t h a t  o n ly  760W o f 
r . f .  pow er i s  needed  to  p ro d u c e  a  h a l f  w a v e le n g th  o f r e l a t i v e  r e t a r d a t i o n .
I n  C h a p te r  One i t  was s t a t e d  t h a t  a  c o n t r i b u to r y  f a c t o r  to  th e  slow  
dev e lo p m en t o f th e  s u b m il l im e tr e  w a v e le n g th  r e g io n  was th e  la c k  o f a 
h ig h  pow er s o u rc e .  N o ta b le  a d v a n ce s  h av e  b e e n  made w ith  th e  in v e n t io n  
o f th e  o p t i c a l l y  pumped m e th y l f l u o r i d e  and d e u te r iu m  o x id e  l a s e r s ,  
b o th  o f  w h ich  have  b e e n  r e p o r t e d  a s  b e in g  c a p a b le  o f p ro d u c in g  a  mega­
w a t t  o f  s u b m il l im e tr e  power®. L arg e  l a s e r  sy s tem s a re  r e q u i r e d  to  
g e n e r a te  su ch  p o w e rs , th é  a c t i v e  medium b e in g  e n e rg is e d  from  a  g ig a -  
w a t t  CO2 s o u r c e ,  and a r e  u s u a l l y  em ployed f o r  s p e c i a l i z e d  p u rp o se s  a s ,  
f o r  e x am p le , s c a t t e r i n g  from  p la sm a s  i n  o r d e r  t o  m easu re  th e  io n  
te m p e ra tu re ® . F or m ore g e n e r a l  u s e ,  s m a l le r  l a s e r s  can  be c o n s tr u c te d  
as  shown by  Cohn e t  a l .^ ^ ® , who o p e ra te d  a  m e th y l f l u o r i d e  l a s e r  w i th  a
1 .85 m e tre  lo n g  s u b m il l im e tr e  c a v i t y .  T h is  p ro d u ce d  9 kW o f f a r  i n f r a ­
r e d  pow er when pumped from  a  6 CO2 l a s e r .  I t  a p p e a r s ,  how ever, t h a t  
th e  o u tp u t  pow er from  o p t i c a l l y  pumped f a r  i n f r a - r e d  l a s e r s  i s  p r im a r i ly  
l im i t e d  by  th e  volum e o f  th e  a c t i v e  medium. The l i f e t i m e s  o f th e  
r o t a t i o n a l  e n e rg y  l e v e l s  o f  th e  l a s e r  m o le c u le s  a r e  e s s e n t i a l l y  e q u a l 
and so  no in c r e a s e  i n  pow er can  b e  o b ta in e d  by  Q -s w itc h in g . In  c o n t r a s t  
t o  t h i s ,  th e  HCN l a s e r  h a s  b e e n  shown t o  hav e  th e  p o t e n t i a l  f o r  f u r t h e r  
im provem ent o f i t s  o u tp u t  and th e  M ic h e lso n  a rra n g e m e n t p ro p o se d  f o r  
m o d u la tin g  a  p u l s e - e x c i t e d  l a s e r  w ould p r o v id e  a  m e c h a n ic a l ly  s im p le  
sy s te m . I t  i s  t h e r e f o r e  f e l t  t h a t  a  s u c c e s s f u l  c o m p le tio n  o f  th e  
p r o p o s a ls  d e s c r ib e d  above w ould  e n s u re  t h a t  màny o f  th e  a p p l i c a t i o n s  
o u t l i n e d  i n  C h a p te r  One w i l l  b e n e f i t  from  th e  ra n g e  o f  s u b m il l im e tre  
e m is s io n  l i n e s  p ro d u ced  from  b o th  g as  d i s c h a r g e  and o p t i c a l l y  pumped 
l a s e r s .
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APPENDIX I
A n u m e r ic a l  s o lu t i o n  o f th e  d i f f e r e n t i a l  e q u a t io n s  4 .1  and 4 .2  was 
o b ta in e d  u s in g  th e  F o r t r a n  IV com puter program me QSWTCH. In  o rd e r  
to  s t o r e  d a ta  r e q u i r e d  to  r e p r e s e n t  a  L o r e n tz ia n  p r o f i l e ,  th e  p a ra m e te r  
AB i s  d e c la r e d  as a  1 x 10000 a r r a y .  P a ra m e te rs  n e c e s s a ry  f o r  th e  
c o m p u ta tio n  a r e  e n te r e d  w ith  n u m e r ic a l  v a lu e s  a s  d is p la y e d  i n  th e  
l i s t i n g  i n  F ig u re  A1.1 (a )  and r e p r e s e n t
RO -  th e  l a s e r  m ir r o r  r a d i i
CD -  th e  c r i t i c a l  p lasm a  d e n s i t y  f o r  th e  l a s e r  r a d i a t i o n
a s  d e f in e d  i n  e q u a t io n  2 .6
R — th e
R1 and R2 - th e
ABB - th e
PU - th e
WAVE - th e
C - th e
VL - th e
PL - th e
TOR337 th e
l a s e r  t r a n s i t i o n
DT -  a  p a ra m e te r  d e f in in g  th e  tim e  la p s e  be tw een  s u c c e s s iv e
c a l c u l a t i o n s
MÜL -  a  p a ra m e te r  d e f in in g  th e  number o f l o c a t io n s  o f AB
s h i f t e d  by th e  change i n  o p t i c a l  p a th  le n g th  o f  th e
l a s e r  c a v i ty
D ata  r e p r e s e n t in g  a n o rm a l iz e d , a p p ro x im a te  L o r e n tz ia n  p r o f i l e  i s  
c a l c u l a t e d  i n s i d e  th e  DO 700 lo o p  shown i n  F ig u re  A1 • 1 ( a ) . To s im u la te  
c a v i ty  mode sc a n n in g  th ro u g h  m ore th a n  one g a in  p r o f i l e ,  th e  1000 d a ta  
p o in t s  fo rm in g  th e  c u rv e  a r e  f e d  i n t o  a  f u r t h e r  9000 l o c a t io n s  i n  th e  
a r r a y  AB by  th e  lo o p s  DO 703 and DO 702 .
In  o rd e r  t o  p l o t  a  Q -sw itc h e d  o u tp u t  a s  a  f u n c t io n  o f  th e  c a v i ty  d e cay
tim e , th e  c a v i ty  d ecay  t im e ,  d e n o te d  by  th e  F o r t r a n  v a r i a b l e  TOR, i s
c a lc u la t e d  a c c o rd in g  to  e q u a t io n  2 .1 8 .  The i n t e r v a l  b e tw een  s u c c e s s iv e
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PROGRAM QSWTCH(INPUT, OUTPUT, TAPE 1=INPUT, TAPE3=0UTPUT) 
COMMON ABC 10000)
RO=7.6
CD=0.984E+16
R=750.
R l= 0 .95
R2=0.95
ABB=0.1E-09
P U =l.E -04
WAVE=0.0337
C=0.3E+11
VL=50.
PL=600.
DA=2.4E+03
REC0MB=1.E-10
T0R337=5.E-03
DT=4.E-09
MUL=1000
W =3./891.
W=W*W
Y =l./W
DO 700 1= 1 ,1000  
X=FLOAT(I)
X=X/1000.
X=0.012*X
X=0.994+X
X=X-1.
X=4.*X*X
X=1./(X+W)
X=X/Y
AB(I)=X
700 CONTINUE
DO 703 K = l,9
J=1000*K
DO 702 1= 1 ,1000
M=J+I
702 AB(M)=AB(I)
703 CONTINUE 
W=FLOAT(MUL)
W RITE(3,77)
DO 302 JK=1,2 
NN=1
53 W RITE(3,77)
DE=1.E+13 
WRITE (3 ,801  ).JK 
W RITE(3,77)
F i g u r e  A T .1 ( a )  L i s t i n g  o f  t h e  programme QSWTCH
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P0P=2.
DD=l.E+9 
57 ZZ=1.-D/CD 
WRITE(3 ,1 0 0 7 )ZZ 
Z = 1./(R 1*R 2)
REFRAC=SQRT(ZZ)
WRITE (3 ,1 0 0 7  )REFRAC 
TRAN=PL*REFRAC/C 
WRITE( 3 ,1 0 0 7 )TRAN 
T0R =2.*((V L +PL )/C )/(A L 0G (Z )) ‘
W RITE(3,1007)TOR 
PN=TRAN/(TOR*PL*ABB)
W RITE(3,1007)PN
ALFA=ABB*POP
WRITE(3 ,1 0 0 7 )ALFA
FI=(ALFA*PL/TRAN)/PN
WRITE(3 ,1 0 0 7 )F I
THRESH=FI
TT=DT/TOR
LL=1
E = l.
MM=0
DO 301 111=2,5001
DP=DE
DE=DE-DD
CON=-DT/TOR337
IF(N N.EQ .1)G0 TO 50
GO TO 51
50 LL=500
51 CONTINUE 
GAMA=1.
DFI=FI* (POP-GAMA)
FI=(FI+DFI&TT)*AB(LL)
IF(FI.LT.THRESH)GO TO 709 
GO TO 708 
709 FI=THRESH 
708 DN=(DE-DP)/DT 
IF (JK .E Q .1 )G 0  TO 602 
PUMP=(DE-DD)/TT*PU/PN 
GO TO 603
602 PUMP=1.
603 DP0P=-2.*FI*P0P+PUMP 
P0P=P0P+DP0P*(TT)-POP*( I.-(EX P(C O N )) )  
MM=MM+1
IF(MM.EQ.5 0 0 )GO TO 9 
GO TO 501
9 W RITE(3,1005)POP,FI,PUM P,DE,GAM A,L,LL,III 
MM=0
F i g u r e  A T « 1 (b )  L i s t i n g  o f  t h e  programme QSWTCH c o n t i n u e d
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501 RHO=1.E+10 
RHP=1.E+10 
ZZ1=1.-RHP/CD 
ZZ2=1.-RH0/CD 
XX1=1.-DP/CD 
XX2=1.-DE/CD
X=2. * ( (VL)* (SQRT(ZZ1 ) ) + (PL )* ( SQRT(XXI)))/WAVE 
U=2. * ( (VL)* (SQRT(ZZ2)) + (PL )* (SQRT(XX2)) ) /WAVE 
E=(U-X)*W+E 
LL=IFIX(E)
IF (P 0 P .L T .0 .)G 0  TO 509 
IF  ( F I .LE. 0 .)GO TO 509 
GO TO 301 
509 POP=0.
F I= 0 .
301 CONTINUE 
NN=NN+1
IF(N N.EQ .2)G0 TO 53
302 CONTINUE 
STOP
801 FORMAT(IX,15)
77 FORMAT(IX)
1005 F0R M A T (1X ,5 (E 9 .2 ),1X ,3 (I5 ,1X ))
1007 F0RMAT(1X,E12.5)
END
F i g u r e  A T .1 ( c )  L i s t i n g  o f  t h e  programme QSWTCH c o n t i n u e d
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c a l c u l a t i o n s  o f  th e  Q -sw itch ed  o u tp u t  i s  e x p re s s e d  i n  te rm s o f  th e  
c a v i t y  d e cay  tim e  TT=DT/TOR. A lso  c a l c u l a t e d  i s  th e  th r e s h o ld  
p o p u la t io n  in v e r s io n  PN, g iv e n  i n  e q u a t io n  2 .2 1 ,  a f t e r  f i r s t  o b ta in in g  
a  f i g u r e  f o r  th e  c a v i ty  t r a n s i t  tim e  TRAN. The c a v i ty  t r a n s i t  tim e  
i s  i n  t u r n  a  f u n c t io n  o f  th e  r e f r a c t i v e  in d e x  o f th e  l a s e r  medium w hich 
i s  d e n o te d  a s  REFRAC. An a p p ro x im a te  v a lu e  o f TRAN i s  o b ta in e d  by 
c o n s id e r in g  th e  c a v i ty  to  be f i l l e d  w ith  a  p lasm a  o f  d e n s i ty  DE e q u a l 
to  10^3 p a r t i c l e s  cm” ^ , th e  v a lu e  c h o sen  f o r  th e  commencement o f th e  
e l e c t r o n  d e c a y . T h is  e n a b le s  th e  r e f r a c t i v e  in d e x  o f th e  l a s e r  medium 
to  be o b ta in e d  u s in g  e q u a tio n  2 .5 .  A lso  c a lc u la t e d  i s  th e  th r e s h o ld  
l e v e l  THRESH o f th e  p h o to n  d e n s i t y  F I  w h ich  i s  th e  v a lu e  u sed  to  
i n i t i a t e  th e  Q -sw itc h in g  c a l c u l a t i o n s .
W ith  a  DO 301 111=2,5001 lo o p , th e  v a r i a b l e  DP i s  e q u a te d  to  th e  p lasm a
d e n s i t y  DE, and th e n  th e  v a lu e  o f  DE re d u c e d  by an  amount p r e v io u s ly
in tr o d u c e d  a s  DD. From th e s e  two q u a n t i t i e s  th e  r e f r a c t i v e  in d e x  and 
th u s  th e  o p t i c a l  p a th  le n g th  o f  th e  c a v i t y  f o r  e a ch  p la sm a  d e n s i t y ,  X 
and U, a r e  o b ta in e d .  The change  i n  p o s i t i o n  on th e  g a in  p r o f i l e  
p ro d u ce d  by th e  re d u c e d  e l e c t r o n  d e n s i ty  i s  c a l c u l a t e d  by m u l t ip ly in g  
th e  d i f f e r e n c e  i n  o p t i c a l  p a th  by W, w h ich  had  p r e v io u s ly  b een  s e t  
e q u a l  t o  MUL by W=FLOAT(MUL). The v a r i a b l e  E i s  in c r e a s e d  by th e  
d i f f e r e n c e  i n  p o s i t i o n  on th e  L o r e n tz ia n  c u rv e  by s t a t i n g
E = (U -  X)*W + E
E h a v in g  b e e n  s e t  t o  u n i ty  o u t s id e  t h e  DO 301 lo o p . The m ag n itu d e  o f 
th e  g a in  c u rv e  c o r re s p o n d in g  t o  th e  new p lasm a  d e n s i ty  i s  found  by 
g e n e r a t in g  an  i n t e g e r  v a r i a b l e
LL = IF IX (E )
w hich  l o c a t e s  th e  a p p r o p r ia t e  l o c a t i o n  on th e  a r r a y  AB(LL).
The i n c r e a s e  i n  p h o to n  d e n s i t y  c o r re s p o n d in g  t o  th e  tim e  la p s e  betw een  
s u c c e s s iv e  c a l c u l a t i o n s  i s  w r i t t e n
DF = FI*(POP-GAMA)
POP and GAMA b e in g  th e  n o rm a liz e d  p o p u la t io n  i n v e r s io n  and th e  lo s s  
f a c t o r  e x p re s s e d  i n  e q u a t io n  4 .1 .  The p h o to n  d e n s i ty  can  th e n  be  fo und  
a s
F I  = (FI+DFI*TT)*AB(LL)
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LL i s  d e r iv e d  n e a r  th e  end o f th e  DO 301 loop  so  th e  s ta te m e n t  LL=1 
i s  i n s e r t e d  b e f o r e  th e  loop  f o r  th e  f i r s t  c a l c u l a t i o n  o f  F I .  The 
change o f  p o p u la t io n  i n v e r s io n  g iv e n  by e q u a t io n  4 .2  i s  o b ta in e d  from
DPOP = -2.*FI*P0P+PUMP
The n o rm a liz e d  pump r a t e  PUMP i s  e x p re s s e d  i n  th e  form  d is c u s s e d  in  
s e c t i o n  4 .3  by a pum ping f r a c t i o n  PU m u l t ip l i e d  by th e  p la sm a  d ecay  
r a t e .  Hence
PUMP = ( (DE-DD)/TT)*PU/PN
The p h o to n  d e n s i t y  i s  c a lc u la t e d  a s
POP = P0P+D P0P*(TT)-P0P*(1.-(EX P(C 0N )))
The q u a n t i t y  POP*( 1 .-(EX P(CO N ))) r e p r e s e n t s  th e  t o t a l  l o s s e s  in c u r r e d  
by th e  p o p u la t io n  in v e r s io n  th ro u g h  p r o c e s s e s  o th e r  th a n  s t im u la te d  
e m is s io n , th e  v a r i a b l e  CON h a v in g  p r e v io u s ly  b een  d e f in e d  i n  te rm s  o f 
th e  s p o n ta n e o u s  l i f e t i m e  o f th e  l a s e r  t r a n s i t i o n  a s  shown i n  th e  
f  i g u r e .
The loop  DO 302 JK = 1,2  s t i p u l a t e s  t h a t  th e  program me s im u la te s  
c o n d i t io n s  o f  low  c o n tin u o u s  pump r a t e  a s  i l l u s t r a t e d  i n  F ig u re  4 .1 ,  
o r  h ig h  pump r a t e  c o n t r o l l e d  by th e  d e c a y in g  p lasm a  shown i n  F ig u re  4 .2 , 
F o r JK =1, th e  s ta te m e n t
IF (J K .E Q .l)  GO TO 602
b y - p a s s e s  t h e  e x p r e s s io n  f o r  t h e  pump r a t e  d e s c r ib e d  above and s e t s  
PUMP e q u a l  t o  th e  n o m in a lly  low  v a lu e  o f  o n e . When JK=2, a  f u r t h e r  
GO TO s ta te m e n t  jum ps th e  program m e p a s t  th e  602 PUMP=1. s ta te m e n t .
A f te r  th e  f i r s t  l i n e  o f th e  DO 302 lo o p , th e  i n t e g e r  v a r i a b l e  NN i s  
e q u a te d  to  1. A f te r  th e  t e r m in a t io n  o f  th e  DO 301 lo o p , NN i s  
in c r e a s e d  by  th e  s ta te m e n t
NN = NN+1
When NN=2, t h e  s ta te m e n t
IF(N N .EQ .2)G 0 to  53
r e t u r n s  t h e  c o m p u ta tio n  t o  th e  l i n e  below  th e  s ta te m e n t  NN=1. T h is  
lo o p  a llo w s  th e  program m e to  s im u la te  two c o n d i t io n s ,  one i n  w h ich  th e
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l a s e r  c a v i ty  i s  r e s o n a n t  a t  a l l  t im e s ,  and s e c o n d ly  one i n  w h ich  mode 
sc a n n in g  t a k e s  p l a c e .  The s ta te m e n t
IF(NN.EQ.1)G0 TO 50
p la c e d  i n s i d e  th e  DO 301 lo o p  s e t s  LL=500 when NN=1. T h is  c o rre s p o n d s  
to  a  v a lu e  o f  AB=1 and th e  m echanism  f o r  v a ry in g  LL d e s c r ib e d  above i s  
n o t  u t i l i z e d .  H ow ever, f o r  NN=2, th e  LL=500 l i n e  i s  b y -p a s s e d  and th e  
g a in  p r o f i l e  i s  s c a n n e d .
The s ta te m e n t
IF(MM.EQ.500)GO TO 9
e n s u re s  t h a t  th e  o u tp u t  w r i t e  s ta te m e n t  i s  o n ly  in c u r r e d  e v e ry  500 lo o p s  
o f th e  DO 301 lo o p . H aving  b e e n  s e t  to  z e ro  b e f o r e  e n te r in g  th e  DO 
Ip o p , th e  i n t e g e r  v a r i a b l e  MM i s  in c r e a s e d  by  1 b e fo r e  th e  IF  s ta t e m e n t ,  
and when e q u a l  to  5 0 0 , MM i s  r e s e t  t o  z e ro  im m e d ia te ly  a f t e r  th e  w r i t e  
s ta te m e n t .
F o r an a n a ly s i s  o f  th e  M ic h e lso n  s w itc h in g  a rra n g e m e n t d e s c r ib e d  i n  
s e c t io n  4 .5 ,  a  s ta te m e n t  i s  i n s e r t e d  i n t o  th e  program me o u t s id e  th e  DO 
302 loop  s e t t i n g  th e  v a r i a b l e  GAMA to  z e r o .  I n s id e  th e  lo o p , an  IF  
s ta te m e n t  i s  in t r o d u c e d  w h ich  e q u a te s  GAMA to  u n i ty  when I I I  i s  g r e a t e r  
th a n  a  c h o se n  v a lu e .
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APPENDIX II
N u m erica l v a lu e s  o f th e  f r a c t i o n  o f r a d i a t i o n  r e f r a c t e d  o u t  o f th e  
c a v i ty  by th e  p la s m a , d e s c r ib e d  i n  s e c t i o n  4 .4 ,  w ere c a l c u la t e d  u s in g  
program me GAUS w r i t t e n  i n  F o r t r a n  IV and l i s t e d  i n  F ig u re  A 2 .1 . 
P a ra m e te rs  d e s c r ib in g  th e  l a s e r  w ere  e n te r e d  i n t o  th e  programme as
R = r a d i u s  o f c u r v a tu r e  o f th e  m ir ro r s
RO = r a d i u s  o f th e  m ir r o r s
CD = th e  * c u t - o f f *  d e n s i t y  o f th e  p lasm a
WAVE = w a v e le n g th  o f th e  s t im u la te d  r a d i a t i o n
X = le n g th  o f th e  c a v i ty
CONST = th e  c o n s ta n t  3 d e s c r ib in g  th e  p a r a b o l ic  r a d i a l  
d i s t r i b u t i o n  o f  th e  e l e c t r o n  d e n s i ty
The s q u a re  o f  th e  beam r a d iu s  e x p re s s e d  i n  e q u a t io n  2 .4  i s  r e p r e s e n te d  
a s  W2 and c a l c u l a t e d  i n  s ta te m e n ts  8 to  11. T h is  p a ra m e te r  i s  th e n  u sed  
i n  l i n e s  12 t o  14 to  o b ta in  th e  power o f a  n o n - r e f r a c te d  beam , VTOT, as  
d e s c r ib e d  i n  th e  t e x t  by s e t t i n g  r  = rg  i n  e q u a t io n  4 .4 .
C a lc u la t i o n  o f  th e  r e f r a c t e d  e n e rg y  i s  p e rfo rm e d  in s i d e  two n e s te d  lo o p s, 
The o u te r  lo o p  v a r i e s  th e  p lasm a  le n g th  PL i n  m u l t ip l e s  o f  50 cm w h ile  
th e  in n e r  lo o p  a d j u s t s  th e  e l e c t r o n  d e n s i t y ,  D. The te rm s  oL and -aL  
a r e  th e n  c a lc u l a t e d  a s  CC and DD r e s p e c t i v e l y  and u se d  to  o b ta in  th e  
m a tr ix  e le m e n ts
COH = a n  = 022 
SIH = 021 
A12 = 0^2
The p a ra m e te r  r^  i n  e q u a t io n  4 .5  i s  th e n  c a lc u la t e d  a s  RR and u se d  in  
e q u a t io n  4 .4  to  o b t a in  th e  u n r e f r a c t e d  pow er, VINT, i n  th e  c a v i ty  a f t e r  
one t r a n s i t .  The f r a c t i o n a l  l o s s  i s  th e n  c a lc u la t e d  from  t h e  r a t i o
RAT = VINT/VTOT
a s
F = 1 .-RAT
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PROGRAM GAUS (INPUT,OUTPUT,TAPE1=INPUT,TAPE2=0UTPUT) 
DIMENSION F (5 ) ,D (5 )
NIN= 1 
N0UT=2
P I = 3 .1415926535898
R =750.0
CD=0.984E+16
WAVE=0.0337
X=750.0
RO=3.8
A=R*WAVE/PI
B = 1 .0 /(2 .0 * R /X -1 .0 )
B=SQRT(B)
W2=A*B
Z=-2.0*RO*RO/W2 
VTOT=1 .0-EXP(Z)
DO 10 J = l ,3  
U=FLOAT(J)
CONST=0.25*U 
WRITE(NOUT,4 0 0 ) CONST 
BBB=CONST/(CD*RO*RO)
DO 40 1= 1 ,15  
W=FLOAT(I)
PL=50.0*W
VL=X-PL
WRITE(NOUT,3 0 0 )PL 
WRITE(NOUT,77)
WRITE(NOUT,200)
WRITE(NOUT,77)
DO 30 11=7,15  
DO 20 K = l,5  
H=FLOAT(K)
D (K )= 2.0*H *10.0**11 
BB=BBB*D(K)
B=SQRT(BB)
CC=B*PL
DD=-CC
COH=0.5 * (EXP(CC)+EXP(DD)) .
SIH=0.5*(EXP(CC)-EXP(DD))
A12=SIH/B
A21=B*SIH
RR=RO/ ( (COH-A12 /R ) +VL* (A21 -COH/R) )
Z=-2.0*RR*RR/W2 
VINT=1.0-EXP(Z)
RAT=VINT/VTOT 
F (K)=1.0-RAT 
20 CONTINUE
WRITE (NOUT,1 0 0 )(D (L ) ,F (L ) ,L = 1 .5 )
30 CONTINUE 
40 CONTINUE 
10 CONTINUE 
STOP 
77 FORMAT(IX)
100 FORM AT(1X,5(E8.1,1X,E10 .3 ) )
200 FORMAT(4X,5 (1HD,9X,1HF,9X))
300 FORMAT(1X ,3H PL = ,F5 .1)
400 FORMAT(IX,6HC0NST=, F 5 .2 )
END
F i g u r e  A 2 . 1 .  L i s t i n g  o f  t h e  programme GAUS
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The power s u p p ly  u se d  to  p u l s e - io n i s e  th e  g a s  d i s c h a r g e  l a s e r s  i s  th e  
10 MW B lu m le in  m o d u la to r  s u p p ly  shown i n  F ig u re  A 3 .1 . T hree p h a s e ,
50 Hz pow er i s  d e l i v e r e d  from  a  V a r ia c  to  a  h ig h  v o l ta g e  (10 kV)
t r a n s f o r m e r .  The o u tp u t  from  th e  t r a n s fo r m e r  i s  r e c t i f i e d  and th e n  
sm o o th ed .b y  a  L-C c i r c u i t  and f e d  to  th e  anode o f a  s e r i e s  d io d e  th ro u g h  
a  c h a rg in g  ch o k e . The EHT l i n e  th e n  c h a rg e s  a  number o f  c a p a c i to r s  
w hich  fo rm  p a r t  o f  a  L-C n e tw o rk  o f c h a r a c t e r i s t i c  im pedance Zq, th e
common s id e  o f  th e  c a p a c i to r s  b e in g  c o n n e c te d  to  e a r t h .  The o u tp u t  from
th e  n e tw o rk  i s  th e n  f e d  t o  a  second  n e tw o rk , a l s o  o f im pedance Zg, th e  
common c a p a c i to r  t e r m in a l  o f  w h ich  i s  ta k e n  to  th e  lo a d . The c a p a c i to r s  
o f th e  seco n d  n e tw o rk  a r e  th e n  c h a rg e d  to  th e  d . c .  EHT p o t e n t i a l ,  th e  
lo a d  fo rm in g  th e  p a th  t o  g ro u n d . An o u tp u t  p u l s e  i s  i n i t i a t e d  by 
i o n i s i n g  th e  g as  i n  a  t h y r a t r o n  from  a  s e p a r a te  p u ls e  g e n e r a to r  w h ic h , 
c o n n e c te d  to  th e  in p u t  o f  th e  f i r s t  n e tw o rk , s h o r t s  th e  in p u t  to  g ro u n d . 
T h is  p u t s  th e  two n e tw o rk s  i n  s e r i e s  so  t h a t  tw ic e  th e  c h a rg in g  v o l ta g e  
a p p e a rs  a c ro s s  th e  lo a d  d u r in g  t h e i r  d i s c h a r g e .  I n  t h i s  way 20 kV 
p u l s e s  a re  p ro d u ced  from  th e  10 kV d . c .  su p p ly  a c ro s s  a  m atched  
r e s i s t i v e  lo a d  o f  2Zg = 40 ohms. B ecause th e  c h a rg in g  choke p r e v e n ts  
a  r a p id  r e c h a r g in g ,  th e  in p u t  to  th e  f i r s t  n e tw o rk  f a l l s  to  a  low 
p o t e n t i a l  c a u s in g  th e  i o n i s a t i o n  i n  th e  t h y r a t r o n  to  c e a s e .  A cross  a  
m atched  r e s i s t i v e  lo a d ,  s q u a re  o u tp u t  p u l s e s  o f  40 ys d u r a t io n  a r e  
p ro d u c e d , a s  shown i n  th e  exam ple o f  F ig u re  A 3 .2 . T h is  i s  fo llo w e d  by 
a  second  p u l s e  o f  o p p o s i te  p o l a r i t y  due to  th e  second  n e tw o rk  b e in g  
c h a rg e d  th ro u g h  th e  lo a d .  When e x c i t i n g  a  l a s e r ,  th e  unm atched 
c o n d i t io n s  c a u se  a  s e r i e s  o f  d im in is h in g  r e c h a r g in g  p u ls e s  to  o c c u r .
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h o r i z o n t a l  s c a l e ,  10 y s  p e r  l a r g e  d i v i s i on
F i g u r e  A 3 . 2 .  C u r r e n t  p u l s e  d e l i v t r e d a b y  t h e  B lu m le in  m o d u la t o r  
s u p p ly  i n t o  a 4 0  o  lo a d
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APPENDIX IV
F o llo w in g  th e  m ethod o f  Simmons  ^36  ^ e q u a t io n s  f o r  tu n n e l  and th e rm io n ic  
c u r r e n ts  a r e  a r ra n g e d  su ch  t h a t  c u r r e n t  d e n s i t y  i s  e x p re s s e d  i n  am peres 
p e r  s q u a re  c e n t im e t r e ,  p o t e n t i a l  b a r r i e r  h e ig h t s  and b ia s  p o t e n t i a l  in  
MKS v o l t s ,  and d i s t a n c e s  i n  X ngstrhm  u n i t s .  U sing  th e  c o n v e rs io n s  
d e s c r ib e d  in  r e f e r e n c e  136, e q u a t io n  7 .8  f o r  tu n n e l  c u r r e n t  d e n s i ty  
becomes
J l  = Jo { i l  e x p ( - 1 .0 2 5 .A S .( |) r ^ ) - ( i i+ V ) e x p [ - 1 .0 2 5 .A S ( i i+ V )^ ] }  . . . ( A 4 .1 )
e q u a tio n  7 .9  becom es
+ 1 = +1 + - ' -(A4-2)
e q u a tio n  7 ,1 0  becom es
KS “  K{*2-AY} . . . ( A 4 .3 )
and
82 = S -  {^}{<|)2-V}""^ . . . ( A 4 .4 )
By th e  same p r o c e s s ,  th e  d e n s i t y  o f  th e  tu n n e l  c u r r e n t  f o r  th e  
o p p o s i te  b i a s  c o n d i t io n  e x p re s s e d  i n  e q u a t io n  7 .1 2  becom es
J 2 = J 0Ü 2 exp(-1.025.A S.<î>2“ ^ ) - ( i 2  + V )e x p [-1 .0 2 5 .A S (i2 + V )^ J}  . . . ( A 4 .5 )  
w here e q u a t io n  7 .1 3  becom es
N S  M  - gâ]
e q u a tio n  7 .1 4  becom ing
. . . ( A 4 . 6 )
S i = - ^  . . . ( A 4 .7 )
# 2
and e q u a t io n  7 .1 5  becom es
82 = S -  [ ^ ]  [^*^2 + ^  -  2(V +A f)j + 8 1  . . . . ( A 4 .8 )
F o r b o th  b i a s  c o n d i t io n s  J q i s  e x p re s s e d  a s
Jq  = 6 .2  X IQlO. (A8 )"% . . . ( A 4 .9 )
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AS b e in g  a  f u n c t io n  o f  S j and S2 w hich  in  t u r n  a re  e x p re s s e d  f o r  th e  
a p p r o p r ia t e  s e n se  o f b i a s .
U n i ts  o f  am peres p e r  s q u a re  c e n t im e t r e ,  MKS v o l t s  and an g stro m s can  be 
u sed  i n  e q u a t io n s  7 .1 6  and 7 .1 7  f o r  th e rm io n ic  e m is s io n  by m aking th e  
c o n v e rs io n
eV V
and s u b s t i t u t i n g  = 1 0 .8  x 10^ and kT = 0 .0 2 5  f o r  a  te m p e ra tu re  o f 
T = 300°K.
A com puter program m e, w r i t t e n  i n  F o r t r a n  IV , i s  d e s c r ib e d  to  n u m e r ic a l ly  
c a l c u l a t e  th e  i n t e g r a l s  e x p re s s e d  in  e q u a t io n  7 .1 9  u s in g  th e  above 
e q u a tio n s  f o r  J i  and J 2 . The p a ra m e te rs  i n  th e  c u r r e n t  e q u a t io n s  w i l l  
be r e p r e s e n te d  i n  th e  program m e by th e  fo l lo w in g  sy m b o ls : -
RR = r a d iu s  o f  th e  h e m is p h e r ic a l  w h isk e r  t i p ,  A
S = d i s t a n c e  b e tw een  p l a i n  e l e c t r o d e  and th e  c l o s e s t  p o in t  o f
th e  w h isk e r  t i p
U = V
PHI = AY
P = K
AT2 = A r^
D = th ic k n e s s  o f  th e  d i e l e c t r i c  l a y e r ,  d 
Z1 = <j>i 
Z2 = ^2
U and RR a r e  d e c la r e d  a s  a r r a y s  by th e  d im e n s io n  s ta te m e n t  i n  l i n e  two 
o f  th e  program m e, and t h r e e  v a lu e s  f o r  e a c h  p a ra m e te r  a r e  e n te r e d  in  
d a ta  s t a t e m e n ts .  V a lu e s  f o r  P H I, AT2, Z l ,  P and D a r e  e n te r e d  on 
in d iv i d u a l  l i n e s  and th e  p o t e n t i a l  b a r r i e r  a t  th e  i n t e r f a c e  o f  th e  
second  e l e c t r o d e  i s  c a l c u l a t e d  by  d e c la r in g
Z2 = Zl + PHI
V a r ia t io n  o f  th e  h e m is p h e r ic a l  t i p  r a d i u s ,  th e  a p p l ie d  b i a s  and th e  
d i e l e c t r i c  s p a c in g  i s  p e rfo rm e d  by  th r e e  n e s te d  DO lo o p s  a s :
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DO 90 11=1,3
A=RR(II)
DO 5 M =l,3
I
V=U(M)
DO 2 J = l ,1 0
S (J)= 10 .* (F L O A T (J))
I
I
f
The c u r r e n t  i n t e g r a l s  a r e  e v a lu a te d  by d iv id in g  th e  s u r f a c e  a r e a  o f 
th e  h e m is p h e re  i n t o  f l a t  a n n u l i  c e n tr e d  a b o u t th e  l i n e  YY** o f 
F ig u re  7 .5  and p a r a l l e l  to  th e  p l a i n  e l e c t r o d e ,  and th e n  sum m ating th e  
c u r r e n t  f lo w  th ro u g h  e a c h  r i n g .  The in c re m e n ta l  in c r e a s e  i n  th e  r a d iu s  
o f  e a c h  r i n g  i s  made a  o n e - th o u s a n d th  p a r t  o f th e  i n t e g r a t i o n  l i m i t ,  
e q u a t io n  7 .2 0 ,  and i s  in t ro d u c e d  a f t e r  c a l c u l a t i o n  o f  S (J )  a s
RADIUS = (S Q R T (2 .0 * A * (D -S (J ) ) - (D -S (J ) )* * 2 ) ) /1000.0  
By d e c la r i n g  th e  n e x t  s ta te m e n t  a s  
DR = 2 .0 * 3 .1 4 1 6*RADIUS 
th e  a r e a  o f  ea ch  a n n u lu s  i s  s e e n  to  be 
DR*R(I)
i n  w h ich  R (I )  i s  th e  r a d iu s  o f  th e  r i n g .  T h is  r a d iu s  i s  c a lc u la t e d  i n  
a  c e n t r a l  DO loop  a s
DO 1 1= 1,1000
R(I)=RADIUS*(FLOAT(I))
The th e rm io n ic  and tu n n e l  c o n t r ib u t io n s  t o  th e  c u r r e n t  f lo w  th ro u g h  
e a c h  r i n g  a r e  found  w i th in  t h i s  lo o p  h a v in g  f i r s t  c a lc u la t e d  th e  d i s t a n c e
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o f ea ch  a n n u lu s  from  th e  o p p o s i te  e l e c t r o d e  i n  th e  n e x t s ta te m e n t  as
SS=A+S(J)-S Q R T (A *A -R (I)*R (I))
F ig u re s  A 4 .1 (a )  and (b ) show th e  l i s t i n g  o f  th e  com puter programme in  
w hich e q u a t io n s  A4.1 t o  A 4.9 a r e  w r i t t e n  i n  F o r t r a n  n o t a t i o n .  F o r th e  
ca se  when n e g a t iv e  b i a s  i s  a p p lie d  t o  th e  e le c t r o d e  o f low er w ork 
f u n c t io n
SI 1 = S i o f  e q u a t io n  A4.3
S12 = S2 o f  e q u a t io n  A 4.4
DSl = AS f o r  t h i s  s e n se  o f  b i a s
G1 = a rgum ent o f th e  n a t u r a l  lo g a r i th m  a p p e a r in g  in  
e q u a t io n  A 4.2
P I l  = <j>i o f  e q u a t io n  A 4.2
CONI = argum en t o f th e  f i r s t  lo g a r i th m  i n  e q u a t io n  A4.1
CCCl = argum en t o f  th e  second  lo g a r i th m  i n  e q u a t io n  A4.1
ZEROl = J q o f  e q u a t io n  A4.9 f o r  AS r e p r e s e n te d  by DSl
S i m i la r ly ,  f o r  n e g a t iv e  b i a s  a p p l ie d  t o  th e  e l e c t r o d e  o f  h ig h e r  work 
f u n c t io n
521 = S i o f  e q u a t io n  A4.7
522 = S2 o f  e q u a t io n  A 4.8
DS2 = AS f o r  t h i s  s e n se  o f  b i a s
G2 = argum en t o f  th e  n a t u r a l  lo g a r i th m  a p p e a r in g  i n  
e q u a t io n  A 4.6 
P I2  = ^2 o f  e q u a t io n  A 4.6
C0N2 = a rgum en t o f  th e  f i r s t  lo g a r i th m  i n  e q u a t io n  A 4.5
CCC2 = a rgum en t o f th e  second  lo g a r i th m  i n  e q u a t io n  A 4.5
ZER02 = J q o f  e q u a t io n  A 4.9 f o r  AS r e p r e s e n te d  by DS2
CURl and CUR2 r e p r e s e n t  th e  tu n n e l  c u r r e n t  f lo w  th ro u g h  th e  a n n u lu s  f o r  
ea ch  s e n s e  o f  a p p l ie d  b i a s  by c a l c u l a t i n g  th e  c u r r e n t  d e n s i t i e s  J i  and 
J 2 o f  e q u a t io n s  A4.1 and A 4.5  r e s p e c t i v e l y  and m u l t ip ly in g  by th e  a r e a  
o f  th e  r i n g  D R *R (I).
C om pu ta tion  o f  th e  th e r m io n ic  c u r r e n t s  by  r e p r e s e n t in g
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PROGRAM DETECR(INPUT, OUTPUT, TAPE1=INPUT, TAPE3=0UTPUT) 
DIMENSION U (3 ),W (5 ) ,S (1 0 0 ) ,R (1 0 0 0 ) ,R R (3 ) ,D D (2 )
DATA U / 0 .9 ,0 .5 ,0 .0 9 /
DATA W /0 .1 ,0 .2 5 ,0 .5 ,0 .7 5 ,1 .0 /
DATA R R /1000000 .,1 0 0 0 0 . ,1 0 0 . /
DATA D D /1 0 1 .,1 0 1 0 1 ./
AT2=10.8E+06
Z l= 1 .0
P=8.
DO 90 11=1,3  
A =RR(II)
W RITE(3,85)A
W RITE(3,77)
DO 4 L = l,5  
PHI=W(L)
WRITE( 3 ,8 0 ) PHI
Z2=Z1+PHI
ARG1=-Z2*40.
DO 5 M =l,3 
V=U(M)
CONST=-V*40.
ARG3=(V-Z2)*40.
W RITE(3,70)V
W RITE(3,77)
WRITE(3 ,2 0 )
W RITE(3,77)
DO 2 MM=1,5
J=MM*20
S(J)=FL0A T(J)
DO 33 KK=1,2 
D=DD(KK)
RADIUS=(SQRT( 2 .0*A * (D -S (J)) - (D -S (J ) ) * * 2 ) ) /1 0 0 0 .0
DR=2.0 * 3 .1 4 1 6*RADIUS
SUM1=0.0
SUM2=0.0
THERM1=0.0
THERM2=0.0
DO I 1= 1 ,1000
R(I)=RADIUS*(FLOAT(I))
SS=A +S(J)-SQ R T(A *A -R (I)*R (I))
S 21= 6 ./(P *Z 2)
S 2 2 = S S -(4 6 ./P ) /(3 .* Z 2 + 2 0 ./(P * S S )-2 .0 * (V + P H I))+ S 2 1
DS2=S22-S21
G2=S22* (S S -S 21 ) / (S 2 1*(S S -S 2 2 ))
P I2 = Z 2 -((S 2 1 + S 2 2 )/(2 .* S S ))* (V + P H I)-(5 .7 5 /(P * D S 2 ))* (A L 0 G (G 2 )) 
CCC2=-1 .0 2 5 * (S 2 2 -S 2 1 )* (SQRT(PI2+V) )
C0N2=-1 .0 2 5 * (S 2 2 -S 2 1 ) * (SQ R T(PI2))
ZER02=( 6 . 2E+10 ) / (DS2*DS2)
CUR2=(PI2*(EXP(C0N2)) - (P I2+V )* (EXP(CCC2)) ) *DR*R(I) 
CUR2=CUR2*ZER02
S 11= (46 . /P )  /  (3 . *Z 1 + (2 0 . /  (P*SS ) -  (V-PHI) ) ) -  (6 . /P )  /  (Z2-PHI) 
S 1 2 = S S -(6 ./P ) /(Z 2 -V )
DS1=S12-S11
G 1= S 12*(S S -S 11 )/(S 11* (S S -S 12 ))
P I l= Z l+ (S ll+ S 1 2 )* (P H I-V )/(2 .* S S )- (5 .7 5 /(P * D S l))* (A L O G (G l))  
CON1 = -1 .0 2 5 * (S 12 -S 1 1 )* (SQ R T (P Il))
F i g u r e  A 4 . 1 ( a ) .  L i s t i n g  o f  programme DETECR
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CGC1 = -1 .0 2 5 * (S 12 - S 1 1 )* (SQRT ( P I 1+V))
ZERO1 = (6 .2E+1 0 ) / (DS1*DS1)
eU R l= (P I1*(EXP(CON1 ) ) - ( P I 1+V)* (EXP(CGC1 ) ) ) *DR*R(I)
GÜR1=GUR1*ZER01
SUM1=SUM1+GUR1
SUM2=SUM2+GUR2
ARG2=SQRT( 1 4 .4 * (V+PHI)* 1 6 0 0 .0 / (P*SS))
ARG4=(SQRT( 1 4 .4 * ( 7 .+P*SS*(PH I-V )) ) ) * 4 0 . / (P*SS)
TOTAL 1 =EXP (ARG4) *DR*RCl) .
T0TAL2=EXP (ARG2) *DR*RCl)
RUNTH1=RUNTH1+TOTAL1 
RUNTH2=RUNTH2 +T0TAL2
1 CONTINUE
RATIO1=(EXP(CONST)) *RUNTH2/RUNTH1
RATI02=SUM2/SUM1
CURTH1=AT2*(EXP(ARG3)) *RUNTH1
CURTH2 =AT2*(EXP(ARG1 ) ) *RUNTH2
SUM2=SUM2/1.E+16
SUM1=SUM1/1.E+16
CURTH2=CURTH2/l.E+16
CURTH1=CURTH1/1.E+16
T0T2=CURTH2+SUM2
TOT1=CURTH1+SUMl
RATI03=T0T2/T0T1
WRITE( 3 ,1 0 0 ) J,RA TI02,RATIO1,RATI03,SUM2,SUM1,CURTH2,CURTH1,T0T2, 
CTOTl
RI=V*( 1 . 0/CURTH2+1 .0/CURTHl) / 2 .
R2=V*( 1 .0/SUM2+1. 0/SUMl) / 2 .
R3=V*( 1 . 0/TOT2+1 .O/TOT1 )/ 2 .
GAMAl= ( (RATIO1 - 1 . ) / ( 2 . *V )) *R1 
GAMA2=( (R A TI02-1 . ) / ( 2 . *V)) *R2 
GAMA3=( (R A TI03-1 . ) / ( 2 . *V )) *R3 
WRITE( 3 ,1 0 5 ) GAMA2, GAMAl ,GAMA3 
W RITE(3,77)
33 CONTINUE
2 CONTINUE 
5 CONTINUE 
4 CONTINUE
WRITE(3 ,8 8 )
90 CONTINUE 
STOP
100 F0E M A T (1X ,I2 ,1X ,9(E 11.4 ,1X ))
70 F0RMAT(1X,2HV=,E12.5)
80 FORMAT(1X, 4HPHI=,E1 2 .5 )
20 FORMAT (2X, IHS, 6X, 6HRATTUN, 6X, 6HRATTHM, 6X, 6HRATC0M, 5X, 7HTUNNEL2, 5X, 
C7HTUNNEL1 ,4X,8HTHERMÂL2,4X,8HTHERMAL1, 4X, 8HC0MBINE2, 4X, 8HC0MBINE1 ) 
77 FORMAT(IX)
105 FORMAT(4X,3 (El 1. 4 , IX ))
85 FORMAT( IX ,2H A = ,F9 .1)
88 FORMAT à H l )
END
F i g u r e  A 4 . 1 ( b ) .  L i s t i n g  o f  programme DETECR c o n t i n u e d
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r  1 4 .4 (eV  -  AW) 1   ^ ^
 KSkT  e q u a t io n  7 .1 7
and
1
by ARG2=SQRT (1 4 .4 *  (V+PHI) * 1 6 0 0 .0 /  (P*SS) ) )
and ARG4=SQRT(1 4 .4 *  ( 7 .+P*SS*(PH I-V)) ) * 4 0 . / (P*SS)
r e s p e c t i v e l y  e n a b le s  q u a n t i t i e s  p r o p o r t io n a l  to  th e  c u r r e n t  f lo w  to  
be found  by
TOTAL 1=EXP (ARG4) *DR*R ( I )
and T0TAL2=EXP(ARG2)*DR*R(I)
Summation o f  th e  v a lu e s  o f  th e  c u r r e n t  f lo w  th ro u g h  ea ch  r i n g  i s  
p e rfo rm ed  b y  s e t t i n g
SUM1=0.
SUM2=0.
THERM1=0.
THERM2=0.
b e fo r e  th e  commencement o f  th e  c e n t r a l  DO lo o p , and th e n  b e f o r e  th e  
t e r m in a t io n  o f  th e  loop  s t a t i n g
SUM1=SUM1+CUR1 
and SUM2=SUM2+CUR2
f o r  th e  tu n n e l  c u r r e n t s  and
THERMl =THERM 1+TOTAL1 
and THERM2=THERM2+TOTAL2
f o r  th e  th e r m io n ic  c o n t r i b u t i o n .  The f u l l  v a lu e s  o f  th e  th e rm a l c u r r e n ts  
a re  c a l c u l a t e d  a f t e r  th e  c e n t r a l  lo o p  by  th e  s ta te m e n ts
CURTH 1 =AT2* (EXP (ARG3) ) *THERM1 
CURTH2=AT2* (EXP (ARG 1 ) ) *THERM2
ARGl r e p r e s e n t s  i n  e q u a t io n  7 .1 7  by
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ARG1=-Z2*40. 
and i s  e n te r e d  b e f o r e  th e  o u te r  lo o p , and
eV -  't’2
kT
in  e q u a t io n  7 .1 6  i s  c a lc u la t e d  i n s id e  th e  second  lo o p  as  
ARG3=(V-Z2)*40o
O u ts id e  th e  c e n t r a l  lo o p , th e  c u r r e n t  r a t i o s  a r e  c a lc u la t e d  f o r  each  
o f  th e  tu n n e l  and th e rm io n ic  p ro c e s s e s  and f o r  th e  com bined c a se  in  
w h ich  th e  c o n s t i t u e n t  c u r r e n ts  o f th e  two e f f e c t s  a r e  added to g e th e r  
a s  TOT2 and TOTl. By c a l c u l a t i n g  th e  a v e ra g e  r e s i s t a n c e  f o r  each  o f 
th e  t h r e e  c a s e s  R 1 ,R 2,R 3, t h r e e  c o rre s p o n d in g  r e s p o n s i v i t i e s  a r e  found 
u s in g  e q u a t io n  7 .5  a s  GAMAl, GAMA2 and GAMA3.
A ccuracy  o f N um erica l T echn ique
N u m erica l e v a lu a t io n  o f  th e  i n t e g r a l s  c o n s t i t u t i n g  e q u a t io n  7 .1 9  gave 
th e  c u r r e n t  f lo w  from  th e  p o r t i o n  o f th e  h e m is p h e r ic a l  w h isk e r  t i p  
embedded i n  th e  o x id e .  The r e s t r i c t i o n  was im posed to  a v o id  th e  
n e c e s s i t y  t o  t a k e  i n t o  a c c o u n t any e f f e c t s  in t r o d u c e d  by a  d i e l e c t r i c -  
d i e l e c t r i c  i n t e r f a c e  be tw een  th e  e l e c t r o d e s .  By u s in g  a  low er v a lu e  o f
d i e l e c t r i c  c o n s t a n t ,  K=3, i n  th e  program m e, th e  c a l c u l a t i o n s  d is p la y e d
in  F ig u re  A 4.2  a r e  o b ta in e d  a n d , when c o n ç a re d  w i th  F ig u re  7 .7 ,  show y 
t o  hav e  o n ly  a  m in o r dependence  on K. In  o r d e r  t o  o b ta in  an  e s t im a te  
o f  th e  e r r o r  c a u se d  by t e r m in a t in g  th e  sum m ation a t  th e  o x id e  s u r f a c e ,  
th e  program me was r e - r u n  w ith  th e  o x id e  th ic k n e s s  in c r e a s e d  by 10,000 R. 
The v a lu e s  o f  r e s p o n s i v i t y  o b ta in e d  w ere  com pared w i th  th o s e  c a lc u la te d  
p r e v io u s ly  a n d , f o r  c o n d i t io n s  i n  w hich  th e  tu n n e l  c u r r e n t s  d o m in a te , 
w ere fo u n d  t o  d i f f e r  o n ly  i n  th e  f o u r th  s i g n i f i c a n t  f i g u r e .  T h is  c lo s e
ag reem en t i s  s e e n  to  be due to  a  r a p id  d e c re a s e  i n  tu n n e l  c u r r e n t  w ith
in c r e a s e d  e l e c t r o d e  s p a c in g .  P la c in g  a  WRITE s ta te m e n t  f o r  SUMl and 
SUM2 i n s i d e  th e  c e n t r a l  loop  o f  th e  programme showed th e  sum m ation o f 
th e  c u r r e n t  th ro u g h  th e  in c re m e n ta l  r i n g s  t o  ap p ro a c h  an  a s y n p to t ic  
v a lu e  b e f o r e  r e a c h in g  th e  o x id e  s u r f a c e .  An exam ple i s  shown in  
F ig u re  A 4 .3 (a )  f o r  K=8, <J>i=l, A ¥=l, A=1G^ and V=0.9 a t  a  minimum sp a c in g  
o f  S=60 Ro H ow ever, p l o t t i n g  th e  m o n o to n ic a l ly  i n c r e a s in g  v a lu e s  o f 
RUNTH1 and RUNTH2 i n  F ig u re  A 4 .3 (b )  f o r  th e  same c o n d i t io n s ,  showed 
t h a t  f o r  th e  t h i n  o x id e  th e  dom inan t th e rm io n ic  c u r r e n t  RUNTH 1 does n o t  
a t t a i n  i t s  f u l l  v a lu e .  The e r r o r  th u s  in tr o d u c e d  i n t o  th e  c a lc u la t io n
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Figure A4.2. Theoretical voltage responsivity of a M-O-M 
point-contact diode detector against minimum 
barrier spacing. K=3, eY, *2=2 eV
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o f  r e s p o n s i v i t y  i n  th e  th e r m a l ly  dom ina ted  re g io n  i s  d e m o n s tra te d  in  
F ig u re  A 4.4  by p l o t t i n g  r e s p o n s i v i t y  f o r  b o th  th ic k n e s s e s  o f  o x id e  
a g a in s t  S . The d iv e rg e n c e  o f  th e  two c u rv e s  becomes g r e a t e r  a t  l a r g e r  
S , a s  an in c r e a s e d  p r o p o r t io n  o f  th e  c o n d u c tio n  i s  e x p e c te d  to  o c c u r  
above th e  o x id e .
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Figure A4.4. Comparison of calculated voltage responsivity of 
a M-O-M diode detector against minimum barrier 
spacing for oxide thicknesses of ( i )  101 % and 
(1 1 ) 10101  X . *1 •  1 eV. 02 •  2 eV. K » 8 ,
Aj, •= 10" X and V, -  0.9V.
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A PP EN D IX  V
D ata  from  th e  t r a n s m is s io n  e x p e rim e n ts  o f s e c t io n  10 ,4  w ere u sed  in  
Programme ABSORB to  c a l c u l a t e  th e  r e f l e c t i o n  and a t t e n u a t i o n  
c o e f f i c i e n t s  and th e  r e f r a c t i v e  in d e x  o f  th e  v a r io u s  i r o n  g a r n e t s ,
Xn th e  F o r t r a n  IV programme l i s t e d  i n  F ig u re  A 5 .1 , ea ch  g a rn e t  would be 
a s s ig n e d  a number N w hich  i s  e n te r e d  i n t o  th e  f i l e  from  a  d a ta  c a rd  by 
th e  f i r s t  r e a d  s ta te m e n t  and th e n  w r i t t e n  on th e  o u tp u t  f o r  
i d e n t i f i c a t i o n .  A c a l i b r a t i o n  f a c t o r  GAL, th e  r a t i o  o f  th e  m o n ito r  
s ig n a l  to  th e  n o n - a t te n u a te d  s ig n a l  from  th e  c r y o s t a t ,  and th e  th ic k n e s s  
i n  m i l l im e t r e s  o f  th e  two g a rn e t  specim ens X I, X2, w ere e n te r e d  by th e  
n e x t  two r e a d  s ta t e m e n ts .  The m easured  s ig n a l s  from  th e  m o n ito r  and 
from  th e  c r y o s t a t  c o n ta in in g  th e  c r y s t a l  o f th ic k n e s s  XI w ould th e n  be 
e n te r e d  a s  AI and B l . At t h i s  p o i n t ,  two IF  s ta te m e n ts  w ere i n s e r t e d .
I f  AI was to  be g iv e n  a v a lu e  o f  0 .2 ,  th e  program me w ould go to  th e  
s ta te m e n t  l a b e l l e d  200 , a  f u r t h e r  v a lu e  o f  N w ould be r e a d  and 
e v a lu a t io n  o f  a  second  g a rn e t  ty p e  w ould commence. F or a  v a lu e  o f  0 .3  
f o r  A1, th e  programme w ould b e  te rm in a te d  by jum ping  to  th e  STOP 
s ta te m e n t  l a b e l l e d  300 . 0 .2  and 0 .3  w ere c h o sen  b e c a u se  s ig n a l  v a lu e s
w ere n o t  r e c o rd e d  a t  th e s e  l e v e l s .  The c r y s t a l  and m o n ito r  s ig n a l s  
c o r re s p o n d in g  t o  th e  g a r n e t  o f  th ic k n e s s  X2 w ere  th e n  e n te r e d  by a  re a d  
s ta te m e n t  a s  A2 and B2.
The t r a n s m is s io n  th ro u g h  e a c h  c r y s t a l  T1 and T2 was o b ta in e d  by d iv id in g  
th e  s ig n a l  from  th e  c r y o s t a t  by  th e  a p p r o p r ia t e  m o n ito r  s ig n a l  and 
d iv id in g  by GAL. The a t t e n u a t i o n  c o n s ta n t  ALFA was o b ta in e d  from  T2,
T l ,  X2 and XI a s  i n d ic a te d  by  e q u a tio n  1 0 .2 . R earrangem en t o f  
e q u a t io n  10.1 now e a n b le s  th e  r e f l e c t i o n  c o e f f i c i e n t  to  be c a lc u la te d  
f o r  e a c h  sam ple a s  R1 and R2. F o llo w in g  e q u a t io n  1 0 .3 , a  v a lu e  o f 
r e f r a c t i v e  in d e x  i s  c a lc u l a t e d  from  e a c h  r e f l e c t i v i t y  a s  REFRl and 
REFR2. H ow ever, two IF  s ta te m e n ts  b y -p a s s  th e  r e f r a c t i v e  in d e x  
c a l c u l a t i o n s  i f  R1 and R2 a re  l e s s  th a n  z e ro  due to  in a c c u r a te  d a ta .  
A f te r  w r i t i n g  o u t  ALFA, R1, R2, REFRl and REFR2, a  GO TO s ta te m e n t  moves 
th e  program me b ack  to  th e  READ A1,B1 s ta te m e n t .
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PROGRAM ABSORB(INPUT, OUTPUT, TAPE 1=INPUT, TAPE3=0UTPUT) 
200 READ(1,40)N 
W RITE(3,80)N 
READ(1,10)CAL 
READ(1,20)X1,X2 
X1=X1/10.
X2=X2/10.
100 READ(1,30)A1,B1
IF (A 1 .E Q .0 .2 )G 0  TO 200
IFC A l,EQ .0.3)G O  TO 300
READ(1,30)A2,B2
T1=(A1/B1)/CAL
T2=(A2/B2)/CAL
Z=T2/T1
ALFA= (ALOG(Z))/(X1-X2)
Q1=-X1*ALFA
Q2=-X2*AEFA
P1=T1/EXP(Q1)
P2=T2/EXP(Q2)
P1=SQRT(P1)
P2=SQRT(P2)
R1=1.0-P1
R 2=1.0-P2
IF(R1.LT.O .O)GO TO 2 
IF(R2.LT.O .O)GO TO 2 
REFRl= (SQRT (R1) + 1 . ) / ( 1 . -SQRT(R1) )
REFR2=(SQRT(R2)+ 1 . ) / ( 1 . -SQRT(R2) )
GO TO 1 
2 REFRl= 0 .0  
REFR2=0.0
WRITE(3,90)ALFA,R1 ,R2,REFRl ,REFR2 
GO TO 100 
300 STOP 
70 FORMAT(IX)
40 FORMAT(12)
80 FORMAT( IX,2HN=,12)
10 FORMAT(F5.3)
20 FORMAT(F7. 5 , 2X ,F7.5 )
30 FORMAT( 2 (F 4 .1 ,2 X ))
90 F O R M A T (1X ,E 10 .3 ,2X ,F 7 .3 ,1X ,F 7 .3 ,2X ,F 7 .3 ,1X ,F 7 .3 )
END
F i g u r e A S . l .  L i s t i n g  o f  programme ABSORB
- 3 1 5 -  
APPENDIX VI
C a lc u la t io n  o f F a ra d a y  r o t a t i o n  from  th e  s u s c e p t i b i l i t y  e le m e n ts  g iv e n  
i n  F ig q re  8 .4  was c a r r i e d  o u t  u s in g  th e  programme RIG w hich  was w r i t t e n  
i n  F o r t r a n  IV and i s  l i s t e d  i n  F ig u re s  A 6 .1 (a )  and A 6 .1 (b ) . F o r each  
te m p e ra tu re ,  d e f in e d  by  th e  m a g n e t is a t io n  o f th e  two s u b l a t t i c e s ,  ' 
v a lu e s  o f  r o t a t i o n  a r e  o b ta in e d  c o rre s p o n d in g  to  f i v e  d i f f e r e n t  v a lu e s  
o f  th e  r e l a x a t i o n  tim e  o f  th e  r a r e - e a r t h  io n .
The program me commences w i th  a  d im en sio n  s ta te m e n t  d e c la r in g  th e  
r e l a x a t i o n  tim e  o f  th e  r a r e - e a r t h  s u b l a t t i c e ,  TT, a s  a  1 x 5 a r r a y .  
P h y s ic a l  p a ra m e te rs  n e c e s s a r y  f o r  th e  c a l c u l a t i o n  a r e  e n te r e d  i n t o  th e  
f i l e  from  d a ta  c a rd s  by  a  s e r i e s  o f  r e a d  s ta te m e n ts  and a r e  ite m iz e d  as
REIG = a  num ber i d e n t i f y i n g  th e  g a r n e t  ty p e
G1,G2 E th e  *g f a c t o r s '  o f  th e  i r o n  and r a r e - e a r t h  s u b l a t t i c e s  
r e s p e c t i v e l y
RHO = th e  d e n s i t y  o f  th e  m a t e r i a l
H = th e  l a b o r a to r y  m ag n e tic  f i e l d  i n  o e r s t e d s ,  a p p lie d  
to  th e  g a r n e t
WW E the m olecular f i e ld  constant
TTT E th e  r e l a x a t i o n  tim e o f th e  i r o n  sub l a t t i c e
TT(l-)^5) E f iv e  sep ara te  va lu es fo r  the r e la x a tio n  tim e o f the 
r a r e -e a r th  s u b la t t ic e
UU E the r e fr a c t iv e  index of the garnet
TMW E tw ice  the m olecular w eight o f the garnet
A f te r  w r i t i n g  th e  above c o n s ta n t s ,  th e  g y ro m a g n e tic  r a t i o s  Y1 and Y2 
a r e  c a l c u l a t e d  from  t h e i r  r e s p e c t i v e  g f a c t o r s  and th e  a n g u la r  f re q u e n c y  
c o r re s p o n d in g  to  891 GHz i s  e x p re s s e d  a s  W3.
The v a lu e s  o f  th e  s a t u r a t e d  m a g n e t is a t io n  o f  th e  two io n s  a r e  e n te r e d  
i n to  t h e  f i l e  by a  r e a d  s ta te m e n t  from  a  d a ta  c a rd  a s  Z4 and Z5. 
E x p re sse d  i n  Bohr m agnetons p e r  two fo rm u la  u n i t s ,  t h e  two p a ra m e te rs  
a r e  c o n v e r te d  t o  o e r s t e d s  and l a b e l le d  Z1 and Z2 r e s p e c t i v e l y .  D ata  
c a rd s  f o r  Z4 and Z5 a r e  s u p p l ie d  g iv in g  v a lu e s  o f  m a g n e t is a t io n  
c o rre s p o n d in g  to  5°C i n t e r v a l s  o f te m p e ra tu re .  A f te r  th e  r e q u i r e d  
c o n f u t a t i o n ,  a  GO TO s ta te m e n t  would r e t u r n  th e  programme to  th e
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PROGRAM RIG (INPUT,OUTPUT,TAPE 1=INPUT,TAPE3=OUTPUT) 
DIMENSION G (2 ),T T (5 ),Y Y (2 )
500 READ(1 7 5 )REIG
READO 80)DEMZ
READd 6 0 )G (1 ),G (2 )
READd 10) RHO
READd 20)H
READd 20)WW
READd 4 0 )TTT
READd 45)T T (1) ,T T (2) ,T T (3) ,T T (4 ) ,T T (5)
READd 10)UU
READd 20)TMW
WRITE(3 ,7 0 )
WRITE(3 ,7 0 )
WRITE(3 ,7 0 )
WRITE( 3 ,8 5 ) REIG
WRITE(3,95)G(1),G(2),RHO,H,WW,TMW,UU 
Y l= -1 .7 6 * 1 0 .0 * * 7 /2 .0 * G ( l)
Y 2 = -l .7 6 * 1 0 .0 * * 7 /2 .0 * 0 (2 )
W 3= 2.0*3 .1416*891 .0*10 .0**9  
200 R EA D (l,30)Z4jZ5 
W RITE(3,70)
IF  (Z5.EQ.O.O)GO TO 500 
IF(Z4.EQ.O.O)GO TO 100 
Z1=5587.0*RH0*Z4/TMW 
Z2=55 8 7 .0*RHO*Z5/TMW 
A1=Y1(Z1*TTT*W3)
1=1
300 A2=Y2/(Z2*TT(I)*W 3)
S1=Z1/Y1
S2=Z2/Y2
W2=WW*(Y2*Z1+Y1*Z2)
Z3=Z1+Z2
N=1
YY ( 1 ) =Y 1 *Y2*Z3 /  (Y2*Z 1+Y1 *Z2 )
600 W4=YY(N)*Z3 
W1=YY(N)*H
V= (W3**2-W2* (W3+W1 ) >* (W3**2+W2* (W3-W1 ) )
B=S1*S2/(S1+S2)
C = ((S 1**2)*A 1+(S2**2)*A 2)/(S1*S 2)
E=(W3**2)*(Y1*Z1+Y2*Z2)
F=(A1*S1**2+A2*S2**2)
T=(A1+A2)*W3**2
U= (A1 *Z 1**2+A2*Z2**2)*W3**2
P=A1*Y2+A2*Y1
Q=Z1*Y1**2+Z2*Y2**2
R=A1/Y1+A2/Y2
D=V+( 4 .0 * (W3**2)* (W2**2)* (B **2)* (W2*W1*C-T)* * 2 ) /V 
X1=(W3* (Z3*YY (N )*(W 2**2)-E)+4.0* (W3**3)*(W2**2)*Z3*P*(B**2)*(W2*W1 
C *C -T)/V )/D
X2= ( (W2**2)* (YY(N)**2)*Z3*H-(W 3**2)*H*Q+2.0* (W3**2)*W2*B* (W2*W1*C- 
C T )*((W 3**2)*(Y Y (N )**2)*F-U )/V )/D  
X3=- (2 . 0* (W3**2) *R*YY (N)*W2*Z 1 *Z2+2.0*  (W3**2) *W2*B* (W2*W1 *C -T)* (YY 
C (N)* (W2**2) *Z3-E) / V)/D
X4=-(W3* (W2**2)* (YY (N) **2) *F-W 3*U-2. 0*W3* (W2**3)*B*W1*W4*(W2*W1*C- 
CT)/V)D
P S I1 = (1 .0 + 4 .0 * 3 .1 4 1 6 * (X2-X1) )* *  2
F i g u r e  A 6 . 1 ( a ) .  L i s t i n g  o f  programme RIG
-3 1 7 -
P S I2= (1 .0 + 4 .0 * 3 .1 4 1 6 * (X2+X1) )**2 
P S I3 = (4 .0 * 3 .1 4 1 6 * (X 4-X 3))**2 
P S I4 = (4 .0 * 3 .1 4 1 6 * (X4+X3))**2 
P S I5 = 1 .0 + 4 .0 * 3 .1 4 1 6 * (X2-X1)
P S I6 = 1 .0 + 4 .0 * 3 .1 4 1 6 * (X2+X1)
ZETA=W3*UU/( 3 .0E+10)
BETA2=ZETA/1 .4 1 4 * SQRT (SQRT(PSI2+PSI4)+PSI6)
BETA1=ZETA/1 .4 1 4*SQRT (SQRT (P S I1+PSI3)+PSI5)
GAMMA1=ZETA/1 .4 1 4*SQRT (SQRT (PSI 1 + P S I3 )-P S I5 )
GAMMA2=ZETA/1 .4 1 4*SQRT(SQRT(PSI2+PSI4)-PSI6)
THETA= (BETAl -BETA2) / 2 .0  
DICRO= (GAIMAl -GAMMA2) /  2 .0  
WRITE (3,50)XI ,X2,X 3,X4,THETA,DICR0,Z5,I,N  
IF  ( I .E Q .5 )G 0  TO 700 
1=1+1 
GO TO 300 
700 CONTINUE
THETAF=UU*YY( 1 ) * (W3**2)* 2 .0 * 3 .1 4 1 6*Z3/ ( 3 .0 * ( 1 0 .0 * * 1 0 ) * (W1**2-W3**2 
C))
THETAE=UU* (Y1 *Z 1 +Y2*Z2) /  (6 . 0* ( 10. 0** 10) )
THETAI=UU*( (W2**2)*YY ( 1)*Z3-(W 3**2)* (Y1*Z1+ Y 2 * Z 2 )) /(6 .0 * (1 0 .0**10) 
C*(W2**2-W3**2))
WRITE (3 ,6 5 )  THETAF, THETAE, THETAI 
W RITE(3,25)Y Y(1),Y Y(2)
GO TO 200 
100 CONTINUE 
STOP 
10 FORMAT(F4.2)
20 FORMAT(F6.1)
25 F0RMAT(1X,6HYY(1)=,E12.5,10X,6HYY(2) = ,E 1 2 .5 )
30 FORMAT(F6. 2 , 2X ,F6.2 )
40 FORMAT(E9.2)
45 F 0R M A T (E 9 .2 ,2X ,E 9 .2 ,2X ,E 9 .2 ,2X ,E 9 .2 ,2X ,E 9 .2 )
50 F0RMAT(1X,3HX1 = ,E12.5 ,2X ,3H X 2=,E 12.5 ,2X ,3H X 3=,E 12.5 ,2X ,3H X 4=,E 12.5  
C ,2X ,6H TH ETA =,E 12.5,2X ,6H D IC R 0=,E12.5,2X ,3H Z5=,F12.5,2X ,2H I= ,I1,2X , 
C2HN=,I1)
55 F0RMAT(E12.5)
60 F0RM A T(F4.2,2X ,F4.2)
65 FORMAT( 1X,7HTHETAF= ,E 1 2 .5 ,2X,7HTHETAE= ,E 1 2 . 5 , 2X,7HTHETA= ,E 12 .5 )
70 FORMAT(IX)
75 FORMAT(F3.1)
80 FORMAT(F3.1)
85 FORMAT( IX ,5H R EIG =,F3.1)
95 FO RM A T(lX ,5H G (l)= ,F4.2,2X ,5H G (2)= ,F4.2,2X ,4H R H O =,F4.2,2X ,2H H =,F7.1 
C, 2X, 3HWW=, F 7 .1 ,  2X, 4HTMW=, F 7 .1 ,  2X, 3HUU= ,F 4 .2  
END
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200 READ d,3 0 )Z4,Z5
l i n e  f o r  e v a lu a t io n  u s in g  th e  n e x t  p a i r  o f m a g n e t is a t io n  p a ra m e te r s .
By e h t e r in g  e i t h e r  Z4 o r  Z5 a s  z e r o ,  IF  f u n c t io n s  r e s p e c t i v e l y  te r m in a te
th e  program me by  ju m p in g  to  th e  STOP f u n c t i o n ,  o r  r e t u r n  to  th e
b e g in n in g  and r e a d  i n  p a ra m e te rs  f o r  a n o th e r  g a r n e t .
A f te r  c a l c u l a t i n g  th e  dam ping f a c t o r  o f  th e  i r o n  s u b l a t t i c e  a s  A1, an
i n t e g e r  1=1 i s  d e c la r e d  and th e n  th e  dam ping f a c t o r  o f  th e  r a r e - e a r t h  
io n s  i s  e x p re s s e d  a s  A2. A2 i s  w r i t t e n  i n  te rm s  o f T T (I)  and g iv e n  th e  
s ta te m e n t  l a b e l  3 0 0 . T h is  l i n e  commences th e  c e n t r a l  loop  o f  th e  
program me w h ich  i s  r e tu r n e d  by a  GO TO 300 command. B e fo re  th e  GO TO 
s ta te m e n t ,  th e  l i n e  1=1+1 c a u se s  th e  c a l c u l a t i o n s  t o  be p e rfo rm ed  f o r  
e a c h  v a lu e  o f  TT. A f te r  th e  f i f t h  p a ra m e te r  h a s  been  i n s e r t e d  i n to  th e  
c o n f u t a t i o n s ,  th e  program m e i s  ta k e n  o u t  o f  th e  loop  by th e  l i n e
I F ( I .E Q .5 ) GO TO 700
I n s id e  t h i s  c e n t r a l  lo o p , g ro u p s  o f  p a ra m e te rs  w hich  r e c u r  in  th e  
e q u a t io n s  o f  F ig u re  8 .4  a r e  e q u a te d  to  i n d iv i d u a l  v a r i a b l e s  and used  
to  c a l c u l a t e  X1,X2,X3 and X4 w hich  r e s p e c t i v e l y  r e p r e s e n t  th e  com ponents 
o f  th e  s u s c e p t i b i l i t y  t e n s o r  X ^ >  and E q u a tio n s  8 .2 8  and
8 .9  e n a b le  a  r e l a t i o n s h i p  b e tw een  th e  e le m e n ts  o f th e  s u s c e p t i b i l i t y  
t e n s o r  and  th e  p e r m e a b i l i t i e s  o f  th e  r o t a t i o n a l  modes t o  be o b ta in e d  as
p '  = I + ;  x ^ }
and
SO th at
and
° c [ f ] *  ] +{l+4„(x^+X^}
Hence com pounding XI ,X2,X3 and X4 i n t o  P S Il t o  PSI6 a s  shown i n  th e  
l i s t i n g ,  th e  im a g in a ry  p a r t s  o f  th e  p ro p a g a t io n  c o n s ta n t  B and B a re  
c a l c u l a t e d  a s  BETAl and BETA2 and th e  r e a l  p a r t s  a  and a  a s  GAMMAl 
GAMMA2. The F a ra d a y  r o t a t i o n  THETA and th e  e l l i p t i c i t y  DICRO a re  
c a l c u l a t e d  a c c o rd in g  t o  e q u a t io n s  8 .1 0  and 8 .1 2  r e s p e c t i v e ly  and w r i t t e n
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on th e  o u tp u t  w i th  th e  s u s c e p t i b i l i t y  e le m e n ts  and Z5.
Once o u t  o f  th e  c e n t r a l  lo o p , th e  F a rad ay  r o t a t i o n  f o r  th e  f e r ro m a g n e tic  
and exchange  m odes o f  p r e c e s s io n  d e s c r ib e d  by e q u a tio n s  11.1 and 11.2  
a r e  c a l c u l a t e d  a s  THETAF and THETAE r e s p e c t i v e ly  and w r i t t e n  o u t .  The 
e f f e c t i v e  g y ro m a g n e tic  r a t i o  YY i s  a l s o  p la c e d  on th e  o u tp u t  f i l e  by a 
s e p a r a te  w r i t e  s t a t e m e n t .  -
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A PPEN D IX  V I I
C a lc u la t io n  o f  th e  s p e c i f i c  F a ra d a y  r o t a t i o n  p ro d u ce d  by  a  d o u b le  
s u b l a t t i c e  sy s te m  i n  w h ich  a n is o t ro p y  te rm s a r e  in c lu d e d  was p e rfo rm ed  
u s in g  th e  program m e GARNET. P h y s ic a l  p a ra m e te rs  d e s c r ib in g  th e  g a rn e t  
a r e  e n te r e d  i n t o  th e  in p u t  f i l e  i n  th e  same fo rm a t a s  t h a t  u sed  f o r  
program me RIG w i th  th e  a d d i t io n  o f  DEMX, DEMY and DEMZ w h ich  r e p r e s e n t  
d e m a g n e t is a t io n  c o n s ta n t s  i n  th e  x ,  y  and z d i r e c t i o n s  r e s p e c t i v e l y .  
V a lu e s  o f  th e  a n is o t r o p y  c o n s ta n t  a r e  r e a d  i n  a s  CONST 1 f o r  th e  f e r r i c  
s u b l a t t i c e  and C0NST2 f o r  th e  g a rn e t  and th e  d i f f e r e n c e  c a lc u la t e d  to  
o b t a in  th e  a n is o t r o p y  c o n s ta n t  o f  th e  r a r e - e a r t h  CONSTR.
P a ra m e te r s  d e f in e d  f o r  s p e c i f i c  c r y s t a l  d i r e c t i o n s  a r e  i te m iz e d  a s
XI (1-^2), X 2(1^2) and X3(l+^2)
w h ich  a r e  th e  t h r e e  d i r e c t i o n  c o s in e s  f o r  th e  x ,  y  and z d i r e c t i o n s  
r e s p e c t i v e l y ,  and
AXK1-+2), A Y l(l-> 2), AX2C1-+2) a^id AY2Cl+^2)
w h ich  r e p r e s e n t  th e  a n i s o t r o p i c  d e m a g n e tis a tio n  f a c t o r s  g iv e n  in  
e q u a t io n s  1 1 .3  and  1 1 .4 .  The sym bols X and Y d e n o te  th e  c r y s t a l  
d i r e c t i o n  and  1 and 2 i n  th e  v a r i a b l e  name r e f e r  t o  th e  f e r r i c  and 
r a r e - e a r t h  io n  r e s p e c t i v e l y .
C o n fo n e n ts  o f  th e  e x t e r n a l l y  a p p l ie d  f i e l d  i n  th e  x ,  y  and z d i r e c t i o n s  
a r e  r e p r e s e n te d  by  BOX, HOY and HOZ r e s p e c t i v e l y .  F o r t h i s  c a l c u l a t i o n ,  
BOX and HOY a r e  b o th  e q u a te d  t o  z e ro  and HOZ i s  made e q u a l  t o  th e  v a lu e  
o f  H p r e v io u s ly  e n te r e d ;
The a n i s o t r o p i c  d e m a g n e t is a t io n  f a c t o r s  f o r  th e  f e r r i c  and r a r e - e a r t h  
io n s  i n  th e  Z d i r e c t i o n  a r e  e n te r e d  a s  ANIZl and ANIZ2 and s e t  e q u a l 
t o  z e ro .
To p e rfo rm  s e p a r a te  c a l c u l a t i o n s  f o r  th e  O H )  and (110) d i r e c t i o n s ,  th e  
lo o p
DO 700 M =l,2
i s  i n t r o d u c e d .  I n s i d e  t h i s  lo o p , th e  d i r e c t i o n  c o s in e s  COl, C02 and 003 
and th e  a n i s o t r o p i c  d e m a g n e tis a t io n  f a c t o r s  f o r  e a c h  io n  i n  t h e  x  and y  
d i r e c t i o n s  ANIXl, ANIYl, ANIX2 and ANIY2 a re  i n  t u r n  s e t  e q u a l  t o  th e  
v a lu e s  a p p r o p r i a t e  t o  th e  Q 11] and 0 1 0] d i r e c t i o n s  a s  e n te r e d  
p r e v io u s ly  and shown i n  F ig u re  A7.1 ( a ) . P a ra m e te rs  d e f in e d  i n
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PROGRAM GARNET (OUTPUT, TAPE 1 ,TAPE3-0UTPUT)
DIMENSION A (6 ,6 ) ,B (6 ,6 ),H X (6 ),H Y (6 ),H Z (6 ),D (6 ,6 ) ,W K S P (6 ),C (6 ) , 
C T T (5),G (2 ),X 1( 2 ) ,X 2(2 ),X 3(2 ),A X 1( 2 ) ,AY1( 2 ) ,A X 2(2). AY2(2)
CmPLEX D,C,HX,HY,HZ,XX,YX,ZX,XY,YY,ZY,XZ,YZ,ZZ,BB,CC,ARG,UPOS, 
CUMIN
REDUC-l.E+06 
READd,75)REIG 
READd ,80)DEMX,DEMY,DEMZ 
READd ,6 0 )G (1 ),G (2 )
READd,10)RHO 
READd,20)H 
READd ,20)WW 
READd,40)TTT
READd ,45)TT(1 ) ,TT(2) ,TT(3) ,TT(4) ,TT(5)
READ(1,10)UU 
READd, 20) TMW 
WRITE(3,85)REIG
WRITE(3,95)G(1),G(2),RH0,H,WW,TMW,UU 
Yl— 1 .7 6 * 1 0 .0 * * 7 /2 .0 * G (l)
Y 2 = -l.7 6 * 1 0 .0 * * 7 /2 .0 * 0 (2 )
WRITE(3,35)Y1,Y2
W«2.0*3 .1416*891 .0*10 .0**9
CON-UU*W/(6.0E+10)
A N IZ l-0.
ANIZ2-0.
200 READ(1,30)Z4,Z5
IF(Z4.EQ.O.O)GO TO 100 
Z1-5587 .*RH0*Z4/TMW 
Z2-5587. *RH0*Z5/TMW 
AF1-Y1/(Z1*TTT*W)
AFl-ABS(AFl)
i I - 0
WRITE(3 ,7 0 )
WRITÈ(3„36)Z4 
WRITE(3 ,7 0 )
READd, 16)C0NST2 
READ( 1 ,1 5 ) CONST1 
CONSTR-CONST1-C0NST2 
CC-CONSTl*(10.p**3)
CCOCONSTR* (10 . 0**3)
XI ( 1 ) - .5 7 7 4  
X 2 ( l) - .5 7 7 4  
X 3 ( l) - .5 7 7 4  
X l( 2 ) - 0 .
X 2(2 )-.7071
X 3(2)=.7071
A X l( l)— 1.55*CC/(Z1*Z1)
AYl (1 ) — . 6933*CC/(Z1 *Z 1 )
AXZ(l)— 1.55*CCC/(Z2*Z2)
AY2( 1 )— . 6933*CCC/(Z2*Z2)
AX1(2)-CC/(Z1*Z1)
A Y i(2)— CC/(Z1*Z1)
AX2(2)-CCG/(Z2*Z2)
AY2(2)— CCC/(Z2*Z2)
F i g u r e  A 7 . 1 ( a )  L i s t i n g  o f  p r o g r a m m e  GARNET
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A N IZl-0.
ANIZ2-0.
DO 700 M -1,2 
COl-XI(M)
C02*X2(M)
C03=X3(M)
ANIXl-AXl (M)
ANIYl-AYKM)
ANIX2=AX2(M)
ANIY2»AY2(M)
P I— (DEMX+ANIXl)
P2— (DEMX+ANIX2)
Ql — (DEMY+ANIYl)
Q2— (DEMY+ANIY2)
Rl — (DEMZ+ANIZl)
R2— (DEMZ+ANIZ2)
BX=WW-DEMX
BY-WW-DEMY
BZ=WW-DEMZ
HOZ-H
HOY-0.
HOX=0.
Z1=12.56*Z1
Z2=12.56*Z2
DE I = (-ANIX1 *Z 1 *G01 -DEMX* (Z 1+Z2) *C01 +WW*Z2*C01+HOX) *C01 
DE 1 -DE 1 + ( -M IY 1 *Z 1 *C02-DEMY* (ZI+Z2) *C02+WW*Z2*C02+H0Y) *C02 
DEl-DEl+(-ANIZl*Z1*C03-DEMZ*(Z1+Z2)*C03+WW*Z2*C03+H0Z)*C03 
DE 2= (-ANIX2*Z2*CO 1 -DEMX* (Z 1+Z2) *C01 +WW*Z 1 *C01+HOX) *C01 
DE2-DE2+ (-ANIY2*Z2*C02-DEMY* (Z 1+Z2) *C02+WW*Z 1 *C02+H0Y) *C02 
DE2-DE2+(-ANIZ2*Z2*G03-DEMZ*(Z1+Z2)*G03+WW*Z1*C03+H0Y) *G03 
1 = 1
300 AF2=Y2/(Z2*TT(I)*W)
AF2=ABS(AF2)
A (1 ,1 )=AF1*Z1*(DE 1- Z 1* P 1 )* (G02*G02+G03*G03)
B(1,1)=W
A (1 ,2 ) =AF1*Z1*Z1*BX*(G02*G02+G03*G03) * ( - ! )
B ( l ,2 )= 0 .
A (1 ,3 ) — (Y1*G03*(DE1-Q1*Z1)-AF1*Z1*G01*G02*(Z1*Q1-DE1)) 
B ( l ,3 )= 0 .
A(1,4)=Z1*BY*(Y1*G03+AF1*Z1*G01*G02)
B ( l ,4 )= 0 .
A (1 ,5 )= -(Y l*G 02*(R l*Z l-D E l)+ A Fl*Z l*C 0l*C 03*(D E l-R I*Z l)) 
B ( I ,5 )= 0 .
A (1 ,6 ) =Z1*BZ*(-Y1*G02+AF1*Z1*G01*G03)
B ( l ,6 ) - 0 .
A (2 ,1 > = -(AF2*Z2*Z2*BX*(G02*G02+G03*C03))
B (2 .1 )= 0 .
A(2,2)=AF2*Z2*(DE2-Z2*P2)*(G02*G02+G03*G03)
B(2,2)=W
A(2,3)=Z2*BY*(Y2*G03+AF2*Z2*G01*G02)
B (2 ,3 )= 0 .
A (2 ,4 ) — (Y2*G03* (DE2-Q2*Z 1 ) -AF2*Z2*CO 1 *C02* (Z2*Q2-DE2 ) ) 
B (2 ,4 )= 0 .
A(2,5)«Z2*BZ*(-Y2*G02+AF2*Z2*G01*G03)
F i g u r e  A 7 . 1 ( b )  L i s t i n g  o f  p r o g r a m m e  GARNET c o n t i n u e d
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B (2 ,5 )= 0 .
A(2,6)=-(Y2*C02*(R2*Z2-DE2)+AF2*Z2*C01*C03*(DE2-R2*Z2)) 
B (2 ,6 ) -0 .
A(3,l)=-(Y1*C03*(PI*Z1-DE1)+AF1*Z1*C01*C02*(DE1-P1*ZI)) 
B ( 3 ,l )= 0 .
A( 3 ,2 ) *Z1*BX*(ZI*AF1*C01*C02-Y1*C03)
B (3 ,2 )= 0 .
A( 3 ,3 ) -A F1*Z1*(DE1-Q 1*Z1 )* (C02*C02+C03*C03)
B (3,3)-W
A (3 ,4 ) — (AF1*Z1*Z1*BY*(C02*C02+C03*C03))
B (3 ,4 )= 0 .
A(3,5)«-(Y1*C0I*(DE1-R1*Z1)-AF1*Z1*C02*C03*(R1*Z1-DE1)) 
B ( 3 ,5 ) -0 .
A(3,6)«BZ*Z1*(Y1*C01+AF1*Z1*C02*C03)
B ( 3 ,6 ) -0 .
A(4,1)«Z2*BX*(Z2*AF2*C01*C02-Y2*C03)
B ( 4 ,l )= 0 .
A (4 ,2 ) — (Y2*C03*(P2*Z2-DE2)+AF2*Z2*C01*C02*(DE2-P2*Z2)) 
B ( 4 ,2 ) -0 .
A (4 , 3 ) — (AF2*Z2*Z2*BY*(CO1*C01+C03*C03))
B (4 ,3 )= 0 .
A (4 ,4 ) -AF2*Z2*(DE2-Q2*Z2)* (COl*C01+C03*C03)
B(4,4)=W
A (4 ,5 ) =BZ*Z2*(Y2*C01+AF2*Z2*C02*C03)
B (4 ,5 )= 0 .
A (4 ,6 ) — (Y2*C01*(DE2-R2*Z2)-AF2*Z2*C02*C03*(R2*Z2-DE2)) 
B ( 4 ,6 ) -0 .
A ( 5 , l j — (Y1*C02*(DE1-P1*Z1)-AF1*Z1*C01*C03*(P1*Z1-DE1)) 
B ( 5 , l )= 0 .
A(5,2)-Z1*B X *(Y 1*C02+AF1*Z1*C01*C03)
B (5 ,2 ) -0 .
A(5,3)=-(Y1*C01*(Q1*Z1-DE1)+AF1*Z1*C02*C03*(-Q1*Z1+DE1)) 
B (5 ,3 ) -0 .
A (5 , 4 ) -BY*Z1*(-Y 1*C01+AF1*Z1*C02*C03)
B ( 5 ,4 ) -0 .
A (5 , 5 ) -AF1*Z1*(DEI-R1*Z1) * (COl*C01+C02*C02)
B(5,5)«W
A (5 ,6 ) — (AF1*Z1*Z1*BZ*(CO1*C01+C02*C02))
B (5 ,6 ) -0 .
A ( 6 ,1)-Z2*BX*(Y2*C02+AF2*Z2*C01*C03)
B ( 6 , l ) - 0 .
A (6 , 2)«r(Y2*C02*(DE2-P2*Z2)-AF2*Z2*C01*C03*(P2*Z2-DE2)) 
B ( 6 ,2 ) -0 .
A (6 , 3)«BY*Z2’<-Y2*C01+AF2*Z2*C02*C03)
B (6 ,3 )« 0 .
A(6,4)-Y2*C01*(Q2*Z2-DE2)+AF2*Z2*C02*C03*(-Q2*Z2+DE2) 
B ( 6 ,4 ) -0 .
A (6 ,5 ) — (AF2*Z2*Z2*BZ* (C01*C01+C02*C02) )
B (6 ,5 )-G .
A(6,6)-AF2*Z2*(DE2-R2*Z2)*(C01*C01+C02*C02)
B(6,6)«W
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HX(1 )=AF1*Z1*Z1*(C02*C02+C03*C03)
HX(2)=AF2*Z2*Z2*(C02*C02+C03*C03) 
HX(3)=Z1*(Y1*C03-AF1*Z1*C01*C02)
HX(4 )=Z2*(Y2*C03-AF2*Z2*C01*C02) 
HX(5)=(-1)*(Z1*(Y1*C02+AF1*Z1*C01*C03))
HX( 6 ) = ( - 1 ) *Z2*(Y2*C02+AF2*Z2*C01*C03) 
HY(1)=(-1)*Z1*(Y1*C03+AF1*Z1*C01*C02)
HY(2)=(-1)*Z2*(Y2*C03+AF2*Z2*C01*C02)
HYO)=AF1*Z1*Z1*(C01*C01+C03*C03)
HY(4)=AF2*Z2*Z2*(C01*C01+C03*C03)
HY(5 ) =Z1*(Y1*CO1-A F1* Z1*C02* C03) 
HY(6)=Z2*(Y2*C01-AF2*Z2*C02*C03) 
HZ0)=Z1*(Y1*C02-AF1*Z1*C01*C03)
HZ(2)=Z2*(Y2*C02-AF2*Z2*C01*C03) 
HZ(3)=(-1)*Z1*(Y1*C01+AF1*Z1*C02*C03)
HZ( 4 ) = ( - 1 ) *Z2*(Y2*C01+AF2*Z2*C02*C03)
HZ(5)=AF1*Z1*Z1*(COl*C01+C02&C02)
HZ( 6 ) =AF2*Z2*Z2*(CO1*C01+C02*C02)
DO 11 J = l ,6  
DO 12 1= 1,6
D (J ,I)= C M P L X (A (J ,I ) ,B (J ,D )
12 CONTINUE 
11 CONTINUE
CALL F04A D F(D ,6,H X ,6,6,1,C ,1,W K SP,0)
XX=C(1)+C(2)
XP-REAL(XX)
XPP=-(AIMAG(XX))
XX=1. * (C (1 )+ C (2 ))+ 1 .
YX=1. * (C (3 )+ C (4 ))
ZX=1. * (C (5)+ C (6)
CALL F04A D F(D ,6,H Y ,6,6,1,C ,1,W K SP,0)
XY=G(1)+C(2)
YP-REAL(XY)
YPP=-(AIMAG(XY))
XY=1. * (C (1 )+ C (2 ))
YY=1. * (G (3 )+ C (4 )+ 1 .
ZY=1. * (C (5 )+ C (6)
CALL F04ADF(D, 6 ,HZ, 6 , 6 , 1 ,C , 1 ,WKSP,0 )
XZ=1. * (C (1 )+ C (2 ))
YZ=1. * (C (3 )+ C (4 ))
ZZ=1. * (C (5 )+ C (6 ))+ 1 .
BB=YY*ZZ+XX*ZZ-XZ*ZX-YZ*ZY
CC=XX*YY*ZZ+XX*YZ*ZY-XZ*YX*ZY+XZ*YY*ZX+XY*YX*ZZ-XY*YZ*ZX
ARG=BB*BB+4.*CC
ARG-CSQRT(ARG)
UPOS-BB+ARG
UMIN-BB-ARG
UPR=REAL(UPOS)
UPI=AIMAG(UPOS)
F i g u r e  A 7 . 1 ( d )  L i s t i n g  o f  p r o g r a m m e  GARNET c o n t i n u e d
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UNR-REAL(UMIN)
UNI=AIMAG(UMÎN)
BETAP-CON* (SQRT (SQRT (UPR*UPR+UPI*UPI) +UPR))
BETAN-CON* (SQRT (SQRT (UNR*UNR+UNI*UNI) +UNR) )
THETA-(BETAN-BETAP)/2 .
WRITE(3 ,3 6 ) THETA 
IF (I.E Q .5 )G 0  TO 700 
I - I + l  
GO TO 300 
700 CONTINUE 
GO TO 200 
100 CONTINUE 
STOP
90 F0RMAT(1X,5(E12.5,2X))
93 FORMAT(F6.0)
10 FORMAT(F4.2)
15 FORMAT(F5.2)
16 FORMAT(F6.1)
20 FORMAT(F6.1)
30 F0RM AT(F6.2,2X,F6.2)
35 F0RMAT(1X,2(E12.5.2X))
36 F0RMAT(1X,EI2.5)
45 FOFM AT(5(E8.l,2X))
40 FORMAT(E9.2)
50 FORM AT(lX ,3H Xl-,E12.5,2X ,3HX 2-,E12.5,2X ,3HX 3-,E12.5,2X ,3HX 4»,E12.5 
C ,2X ,6H T H ETA -,E12.5,2X ,6H D IC R O -,E12.5,2X ,3H Z5-,F l2.5,2X ,2H I= ,Il)
55 FQRMAT(E12.5)
60 F0RM AT(F4.2,2X,F4.2)
70 FORMAT(IX)
75 FORMAT(F3.1)
80 F0RMAT(3(F5.2,2X))
85 F0RMAT(1X,5HREIG«,F3.1)
95 F0RM A T(1X ,5H G (1)-,F4.2,2X ,5H G (2)-,F4.2,2X ,4H RH C)-,F4.2,2X ,2H H -,F7.1 
C,2X,3HWW-,F7.1,2X,4HTMW^,F7.1,2X,3H UU -,F4.2)
END
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e q u a t io n  8 ,2 5  a r e  r e p r e s e n te d  by th e  v a r i a b l e s
PI
' a^x  »
Ql
' ^iY  »
Rl
/
P2 Q2 . R2 ^
BX - \  '
- BY - BZ -and
and a g a in  a r e  shown i n  F ig u re  A7.1 (a )  w here th e  n u m era ls  1 and 2 i n  th e  
v a r i a b l e  names c o rre s p o n d  to  i= l  and i= 2  r e s p e c t i v e l y .
The m ag n itu d e  o f  th e . s t a t i c  com ponent o f  th e  m a g n e tic  f i e l d  a t  e a ch  sub­
l a t t i c e  i o n ) — e x p r e s s e d  i n  e q u a t io n  8 .2 4 ,  i s  c a lc u la t e d  a s  DEI f o r  
th e  f e r r i c  io n  and DE2 f o r  th e  r a r e - e a r t h  io n .
N ested  w i t h in  th e  DO 700 lo o p  i s  a  GO TO 300 lo o p  w here th e  r a r e - e a r t h  
r e l a x a t i o n  t im e  T T (I)  i s  in t ro d u c e d  and th e  c o rre s p o n d in g  d a n ç in g  
p a ra m e te r  AF2 c a l c u l a t e d .  An i n t e g r a l  in c r e a s e  i n  I  i s  p ro d u ced  i n  
th e  same m anner a s  i n  program me RIG.
The r e a l  and im a g in a ry  p a r t s  o f  th e  e le m e n ts  o f  th e  6 x 6  m a t r ix  (D) in  
e q u a t io n  8 .2 6  a r e  e x p re s s e d  a s  A (l-+ 6 ,1+6) and B ( l+ 6 ,l+ 6 )  r e s p e c t i v e ly  
i n  F ig u r e s  A 7 .1 (b )  and  ( c ) .  S im i la r ly  E j ^ ,  F ^ ^  and G ^ ^  o f  
e q u a t io n  8 .2 6  a r e  d i s p la y e d  r e s p e c t i v e l y  a s  H X (l+ 6), HY(l+6) and HZ(1+6) 
A 6 X 6 com plex  a r r a y  D i s  th e n  form ed from  A and B by  th e  s ta te m e n t
D (J ,I )= C M P L X (A (J ,I ) ,B (J ,I ) )
w h ich  i s  c o n ta in e d  w i t h in  th e  DO 11 and DO 12 lo o p s  shown i n  th e  f i g u r e .
M a n ip u la tio n  o f  th e  a r r a y  e le m e n ts  i n t o  a  fo rm  r e p r e s e n te d  by 
e q u a t io n  8 .2 7  i s  p e rfo rm e d  by  t r e a t i n g  E ^ ^ ,  F ^ ^  and G ^ ^  o f  
e q u a t io n  8 .2 6  a s  s e p a r a te  colum n m a t r ic e s  and c a l l i n g  th e  NAG r o u t in e  
F04ADF. I l l u s t r a t i n g  th e  r o u t i n e  a s
F04ADF (A, lA , B , IB  ,N ,M, C, IC , WKSP, IFAIL)
th e n  f^or a  com plex  s e t  o f  l i n e a r  e q u a t io n s  AX=B, th e  p a ra m e te rs  w i th in  
th e  p a r e n th e s e s  r e p r e s e n t
A -  th e  name o f  a  com plex tw o -d im e n s io n a l a r r a y  o f  a t  l e a s t  
(N,N) com plex e le m e n ts
lA  -  ân  i n t e g e r  q u a n t i t y ,  th e  f i r s t  d im en sio n  o f  A, lA^N
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B -  th e  name o f  a  com plex tw o -d im e n s io n a l a r r a y  o f  a t  
l e a s t  (N,M) com plex e le m e n ts
IB -  an  i n t e g e r  q u a n t i t y ,  th e  f i r s t  d im en sio n  o f B, IB^N
N -  an i n t e g e r  q u a n t i t y ,  th e  o rd e r  o f m a tr ix  A'
M -  an  i n t e g e r  q u a n t i t y ,  th e  number o f r ig h t - h a n d  s id e  
e le m e n ts
C -  th e  name o f a  tw o -d im e n s io n a l com plex a r r a y .  On e x i t  
i t  c o n ta in s  th e  M s o lu t i o n  v e c to r s
IC -  an  i n t e g e r  q u a n t i t y ,  th e  f i r s t  d im en sio n  o f C, IC)N
WKSP -  th e  name o f  a  o n e -d im e n s io n a l r e a l  a r r a y  o f a t  l e a s t
N e le m e n ts ,  u se d  a s  work sp ace
IFAIL -  an i n t e g e r  v a r i a b l e .  On e n t r y  i t  d e te rm in e s  th e  mode 
o f f a i l u r e  o f  th e  r o u t in e  and on e x i t  a c t s  a s  an e r r o r  
i n d i c a t o r  o r  shows s u c c e s s f u l  u se  o f  r o u t in e
I n s e r t i n g  th e  com plex a r r a y  D i n t o  A and HX i n to  B, e le m en ts  
c o rre s p o n d in g  to  th e  f i r s t  colum n o f  th e  s u s c e p t i b i l i t y  t e n s o r  a r e  
o b ta in e d  from  th e  o u tp u t  o f  th e  r o u t in e  a s  th e  1 x 6 a r r a y  C. E q u a tio n  
8 .2 8  shows t h a t  th e  e le m e n ts  o f  th e  p e r m e a b i l i ty  t e n s o r  can  be  e x p re s s e d  
i n  te rm s  o f  th o s e  o f  th e  s u s c e p t i b i l i t y  t e n s o r  as
^xx * *  ^^ xx * ^xy * ^xz ^ z
^yx “  ^ x  , ^yy  "  * ^  » ^yz  ”  ^ z
^ z x  ^ z x  * ^ z y  ~  ^ z y  * ^ z z   ^ *  ^ z z
U sing  th e  s u b s c r i p t s  o f  th e  p e r m e a b i l i t y  e le m e n ts  to  d e n o te  th e  e le m e n ts  
th e m se lv e s  a s  F o r t r a n  v a r i a b l e  nam es, th e  f i r s t  colum n o f th e  
p e r m e a b i l i t y  t e n s o r  i s  c a l c u l a t e d  i n  th e  m anner shown i n  th e  f i g u r e .  
R e p e a tin g  th e  p r o c e s s  by  i n s e r t i n  HY and th e n  HZ i n t o  th e  r o u t i n e  
p a ra m e te r  B, e n a b le s  th e  c o n ç le te  m a tr ix  to  be c a lc u la t e d .  The 
p e r m e a b i l i ty  e le m e n ts  a r e  th e n  a rra n g e d  i n  th e  form  d e s c r ib e d  by e q u a tio n  
8 .7  so  t h a t  th e  r e a l  and im a g in a ry  p a r t s  o f  th e  p e r m e a b i l i t i e s  o f  th e
« |>  mm
r o t a t i o n a l  modes a r e  o b ta in e d .  The p h a se  c o n s ta n ts  3 and B a r e  th u s  
o b ta in e d  from  e q u a tio n  8 .8  and a r e  r e p r e s e n te d  a s  BETAP and BETAN 
r e s p e c t i v e l y .  The F a ra d a y  r o t a t i o n  THETA i s  th e n  c a lc u la te d  and w r i t t e n  
on t o  th e  o u tp u t  f i l e .
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APPENDIX V I I I
V alues f o r  th e  s p e c i f i c  F a rad a y  r o t a t i o n  p ro d u ced  by a  s i n g l e  l a t t i c e  
sy s te m , c a lc u l a t e d  from  th e  e x p re s s io n s  f o r  th e  s u s c e p t i b i l i t y  e le m en ts  
g iv e n  i n  F ig u re  11 . 1 8 ,  w ere o b ta in e d  from  th e  F o r t r a n  IV com puter 
program me YIGDAM. P a ra m e te rs  r e q u i r e d  f o r  th e  c o m p u ta tio n  a re  f e d  i n t o  
th e  in p u t  f i l e  from  th e  d a ta  s ta te m e n t  o f  l i n e  two o f  th e  l i s t i n g  o f 
th e  p rog ranm e d i s p la y e d  i n  F ig u re  A 8 .1 . The same p a ra m e te r  names as  
th o s e  u s e d  i n  th e  programme RIG d e s c r ib e d  i n  A ppendix  VI w ere em ployed. 
T h is  i s  fo llo w e d  by  c a l c u l a t i n g  th e  g y ro m a g n e tic  r a t i o  Y, i n s e r t i n g  
th e  v e l o c i t y  o f  l i g h t  i n  vacuum C, th e  a n g u la r  f re q u e n c y  o f  th e  
r a d i a t i o n  W and c a l c u l a t i n g  CON w hich  r e p r e s e n t s  th e  f a c t o r  
i n  e q u a t io n  8 .8 .  D e m a g n e tis a tio n  f a c t o r s  i n  th e  x ,  y and z d i r e c t i o n s  
a r e  r e p r e s e n te d  r e s p e c t i v e l y  by  DEX, DEY and DEZ. F o r th e  s i t u a t i o n  i n  
w hich  a  t h i n  s la b  w i th  i t s  p a r a l l e l  s id e s  p e r p e n d ic u la r  to  th e  d i r e c t i o n  
o f  p r o p a g a t io n  o f  th e  r a d i a t i o n ,  DEX and DEY w ere s e t  to  z e ro  and DEZ s e t  
to  Air.
A 200 READ s ta te m e n t ,  w h ich  fo rm s p a r t  o f  a  GO TO lo o p , i s  u sed  to  r e a d  in  
d a ta  r e p r e s e n t in g  th e  m a g n e t is a t io n  Z4, and th e  a n is o t r o p y  c o n s ta n t  
CONS o f  th e  g a r n e t .  The r e l a x a t i o n  tim e  T i s  in tr o d u c e d  by  a  f u r t h e r  
re a d  s ta t e m e n t .  The a n i s o t r o p i c  d e m a g n e tis a tio n  c o n s ta n ts  a re  
r e p r e s e n te d  by ANIX i n  th e  x  d i r e c t i o n  and ANIY i n  th e  y  d i r e c t i o n  and 
a r e  c a l c u l a t e d  f o r  s p e c i f i c  c r y s t a l  d i r e c t i o n s .  C a lc u la t io n s  f o r  a  
d i f f e r e n t  o r i e n t a t i o n  w ere p e rfo rm e d  by  m o d ify in g  th e  s ta t e m e n ts .  The 
c o r re s p o n d in g  p a ra m e te r  f o r  th e  z d i r e c t i o n  ANIZ was s e t  e q u a l  to  z e ro .  
D e m a g n e tis in g  c o n s ta n t s  and a n i s o t r o p i c  d e m a g n e tis in g  c o n s ta n ts  f o r  
s im i la r  o r i e n t a t i o n s  a r e  added to g e th e r  t o  o b ta in  s i n g l e  e f f e c t i v e  
d e m a g n e tis in g  c o n s ta n t s  DEMX, DEMY and DEMZ f o r  th e  x ,  y  and z d i r e c t i o n s  
r e s p e c t i v e l y .
F u r th e r  c a l c u l a t i o n s  a r e  p e rfo rm ed  to  o b ta in  v a lu e s  f o r  th e  F o r t r a n  
v a r i a b l e  names t h a t  c o rre sp o n d  to  p a ra m e te rs  l i s t e d  i n  F ig u re  11 .18  as
/
WM -  (I) • > WO -  (OQ 9 WR -  Ü)m t
DEN -  th e  d e n o m in a to r  o f th e  s u s c e p t i b i l i t y  e le m e n ts
XXPP -  , XYPP -  , XYP -  x ^  , XXP -  x ^
I n  a  s i m i l a r  m anner t o  t h a t  d e s c r ib e d  i n  A ppendix  V I, th e  p h a se  c o n s ta n ts  
a r e  c a l c u l a t e d  fro m  th e  s u s c e p t i b i l i t y  e le m e n ts  and th e  s p e c i f i c  F a rad a y  
r o t a t i o n ,  THETA, o b ta in e d  and w r i t t e n  on  to  th e  o u tp u t  f i l e .
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PROGRAM YIGDAM(INPUT, OUTPUT, TAPE 1-INPUT, TAPE3-0UTPUT, TAPES, TAPE6) 
DATA R E IG ,G 1 ,G 2 ,R H O ,H ,U U ,T M W /8 ,,2 .,2 .,5 .1 7 ,4 5 0 0 .,4 .2 ,I4 7 6 ./  
Y = -1 .7 6 * l.E 7 * G l/2 .
C -3 .E 10
W=2.* 3 .1 4 1 6 * 8 9 1 .E9 
CON=W*UU/3.E10 
CON-CON/1.414 
DEX-0.
DEY-0.
DEZ-12 .5664  
200 READ( 5 ,3 0 ) Z4,CONS 
IF(Z4.EQ.O.O)GO TO 100 
READ(6,10)TT 
T=TT*1.E-13 
Zl-5587.*RH0*Z4/TMW 
CONS -C0NS*l.E+3 
ANIX-1.0*CONS/.(Z;1*Z1)
ANIY—  1. 0*C0NS/ (Z 1*Z) )
ANIZ-0.
DEMX-ANIX+DEX 
. DEMY-ANIY+DEY 
DEMZ-ANIZ+DEZ 
WM=4.*3.1416*Y*Z1 
WO=Y*H-DEMZ*WM
WR-SQRT ( (Y*H+ (DEMX-DEMZ) *WM) * (Y*H+ (DEMY-DEMZ) *WM) )
A=WR*WR-W*W
B -2 . * (W0+ ( (DEMX-DEMY) / 2 . ) *WM) /T 
DEN=A*A+B*B
XXPP— ((WR*WR-W*W) /T - 2 . * (DEMY*WM+WO) /T* (W0+ ( (DEMX-DEMY) /  2 . ) *WM) )*  
+ WM/DEN 
XYPP=W*WM* (WR*WR-W*W) /DEN 
XYP— W*WM*2. * (W0-<(DEMX-DEMY) / 2 . ) *WM) /DEN 
XYP-XYP/T
XXP- ( (WO+DEMY*WM) * (WR*WR-W*W) +2. * (W0+ ( (DEMX-DEMY) / 2 . ) *WM) /  (T*T) ) 
+ *WM/DEN 
F-XYP 
E-XYPP 
XYP— E 
XYPP-F
U1 -1 .+ 1 2 .5 6 * (XXP-XYP)
U 2 -1 2 .56* (XXPP-XYPP)
U 3-1. + 12 .56*  (XXP-XYP)
BP-CON* (SQRT (SQRT (U1 *U 1 +U2*U2) +U3 ) )
U 4-1 .+ 1 2 .5 6 * (XXP+XYP)
. U 5 -12 .56*  (XXPP+XYPP)
U 6 -1 .+ 1 2 .5 6 * (XXP+XYP)
BN-CON*(SQRT (SQRT (U4*U4+U5*U5)+U6))
THETA-(B N -B P)/2 .
DEG-THETA*1 8 0 ./ 3 .1416  
WRITE(3,25)DEG 
GO TO 200 
100 STOP
F i g u r e A 8 . 1 ( a ) .  L i s t i n g  o f  p r o g r a m m e  YIGDAM
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90 FORMAT(6E 1 2 .3 )
25 F0RMAT(1X,E12.5)
75 FORMAT(F3..1)
60 FORMAT (F 4 . 2 , 2X, F 4 .2 )  
20 F0RMAT(F6.1)
16 FORMAT(F6.1)
15 FORMAT(F6.2y 
70 FORMAT (IX)
30 FORMAT(F5.2 , 1X ,F 5 .0) 
10 FORMAT(F6.2)
END
F i g u r e  A 8 . 1 ( b ) .  L i s t i n g  o f  programme YIGDAM c o n t in u e d
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Abstract. Point-contact whisker diodes have been used to detect 337 p.m radiation giving 
responsivities up to 1000 V W~^. The respective merits of metal-insulator-metal and 
metal-insulator-semiconductor diodes are examined. To explain the characteristics 
of responsivity with electrical and mechanical variations, a model is presented based on 
thermionic and tunnel currents flowing between a hemispherical and a plane electrode.
1. Introduction
The use o f point-contact diodes as detectors in the submillimetre region has some advan­
tages over other infrared detectors. Unlike the bulk InSb detector (Putley 1960), hquid 
hehum is not required, and because o f the low capacitance of its junction a point-contact 
diode has an inherently fast response, in contrast to room-temperature thermal detectors 
such as the Golay cell. The ability to rectify at far ir  frequencies was demonstrated by 
Frayne (1967) with commercially produced diodes. However, these and devices made by 
contacting a pointed wire antenna on to a metal or semiconductor surface (Daneu e t  a l  
1969, Matarrese and Evenson 1970, Becklake e t  a l  1970) possess lower responsivities than 
more conventional detectors. For this reason a programme was undertaken to produce a 
device with increased sensitivity, and to propose a model of the mechanism taking place 
at a point-contact to aid future development.
2. Experimental details
Diode detectors were produced by electrolytically etching to a point one end of a straight 
length o f 20 [xm diameter tungsten wire, and bringing this point into contact with the 
atmospherically contanimated surface o f a metal or semiconductor. By orienting the 
tungsten wire antenna in the beam of an hcn laser operating at 891 GHz and by suitably 
applying pressure to the contact, a dc potential was generated across the junction. For 
both metal and semiconductor devices it was found that the greatest output from the 
diode was obtained on initial contact between the tungsten and the insulating layer. 
Increasing the pressure on the wire resulted in reduction of the responsivity, with ultimate 
reversal o f the polarity o f the output voltage. The output obtained, once reversal had 
taken place, was less than that produced on initial contact. The high responsivity could
t  Present address: Marconi Research Laboratories, GEC-Mareoni Electronics Ltd, Great Baddow. 
t  Present address: GEG Hirst Research Centre, Wembley.
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be recovered, however, as the output voltage was reproducible with cyclic variation o f the 
contact pressure.
Although some exceptions did occur, making contact on to various samples of a 
particular material usually resulted in the same polarity o f output on initial contact. The 
experimental observation o f polarity reversal by Green e t  a l  (1970) was explained by 
variation of the difference between the work-functions of the two electrodes as the tip of 
the antenna contacted different areas o f the substrate. To investigate this situation, 
tungsten ribbon and evaporated films of gold and aluminium were used as plane metal 
electrodes. By virtue o f the large surface areas, the Kelvin vibrating capacitor technique 
(Zisman 1932, Surplice and D ’Arcy 1970) was used to measure the average value of the 
work-function of each polycrystalline film. Measurements were also made on silicon, but 
the samples of the other semiconductors investigated, germanium and gallium arsenide, 
were not large enough for the method employed.
An indication of the possible deviation o f the work-function over the surface o f a 
material has been given by Hass and Thomas (1966). This variation was explained by the 
metal surface being composed o f regions of different crystal orientation. The work- 
function of the point o f the tungsten wire was unknown. However, the measured values 
for the plane electrodes given in table 1 are sufficiently close to the documented values for 
the different crystallographic orientations of tungsten in table 2 (Riviere 1969), that
Table 1. Measured average work-functions of substrate materials.
Substrate Work-function (eV)
material
Silicon 4 -8 5 ± 0 0 2
Gold 5 39± 0 03
Aluminium 4 26 ± 0  02
Table 2. Work-functions of crystal
Tungsten Work-function (eV)
orientation
110 5 3 ± 0  12
111 4 4 ± 0  03
116 4 3 ± 0  03
100 4 6 ± 0  08
polarity reversal o f the work-function difference was experimentally possible. The situa­
tion therefore exists in which successive contacts o f a whisker could yield devices with a 
range of work-function differences, due either to the patchy nature of the plane electrodes 
or to different crystal faces o f the tungsten wire being exposed, either by repeated etching 
or by mechanical deformation. However, the repeatability and reversibility o f the varia­
tion o f the responsivity with applied pressure implied that, once contact had been made, 
the patches were large enough and the antenna drive accurate enough to eliminate random 
work-function changes through lateral movement o f the whisker tip. The voltage res­
ponsivities o f the various detectors were found after optimisation, by dividing the DC 
output voltage from the diode by the c w  power incident on the antenna, measured using 
a calibrated Golay cell.
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The responsivities of detectors formed by contacting tungsten antennae on to alum­
inium, gold, tungsten and doped silicon and germanium electrodes are shown in figure 1 
as a function o f the resistive load. The variation o f detector performance against load was 
investigated by placing a shunt resistor across the diode. This is a useful method for 
reducing the response time of the output circuit. The output impedances derived from the 
curves given in table 3 are in good agreement with the zero-bias resistances estimated from 
the current-voltage characteristics of figure 2. These curves, which were measured by 
applying short pulses of current to the diode from a differentiated 900 Hz square wave, in 
order to limit power dissipation, show reasonable asymmetry between the forward and 
reverse bias conditions for the tungsten-semiconductor devices. However, only a small
( a )
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S h u n t  r e s i s t a n c e  ( O )
Figure 1. Experimentally observed voltage responsivities of point-contact diode detect­
ors: tungsten to (a) gold, (6) aluminium, (c) tungsten, (d) germanium, (e) silicon. Grossed 
bars indicate uncertainty.
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Table 3. Measured zero-bias resistance and output impedance of point-contact diodes.
Diode Zero-bias resistance Output impedance
(Cl) (Cl)
Tungsten-silicon (2 3 ± 0  3 )x l04 (7 -8 ± 0 - l)x l0 5
Tungsten-germanium (4 -5± 0-3 )x l0^ (3 -2 ± 0 - l)x l0 6
Tungsten-gold 220±25 200+15
Tungsten-aluminium 930±65 1100±100
Tungsten-tungsten 770 ±30 900 ±30
x10“ = 250
200
100
150
1003 00 200 100+4-=»'y
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Figure 2. Current-voltage (I-V) characteristics for tungsten to (a) gold  ^(6) aluminium.
(c) tungsten, (d) germanium, (é) silicon. Crossed bars indicate uncertainty.
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difference is observed for the tungsten-metal diodes, hence the poorer responsivity. The 
nearly linear characteristic of the metal-insulator-metal (mim) diodes also explains the 
observation that enhancement o f the detector output was not achieved by applying d c  
bias to the diode.
In contrast, the metal-insulator-semiconductor (mis) detectors showed a useful 
increase in responsivity with, as shown in figure 3, the application o f the appropriate bias
(aJ
0 2 0 0 2 0 -^ 0 6 0 8 1 0
2 0 -
fbl
0 2 0 0 2 0-b  0 6 0 8 1 0
A p p l i e d  b i a s  p o t e n t i a l  ( V )
Figure 3. Responsivity gain versus applied bias for (a) tungsten-germanium, (b) tung­
sten-silicon. Crossed bars indicate uncertainty.
potential. The most notable result was produced by contacting a tungsten antenna on to 
a crystalline sampile o f undoped GaAs. This diode produced no rectified output in the 
unbiased state, but with the application of a small d o  potential, a responsivity was 
obtained which was far greater than observed in either silicon or germanium. Figure 4 
shows the response o f this detector as a function of applied bias, together with the noise 
equivalent power. It was only with this tungsten-GaAs diode that the noise was suflBl- 
ciently large to be measured without additional preamplification.
3. Theory
The simple potential distribution existing between two plane parallel electrodes separated 
by an insulating material and connected by an external circuit is represented diagram- 
maticaUy by figure 5(a). Simmons (1963a,b, 1964) has explained current flow through such 
a structure in terms o f thermionic and electronic tunnelling mechanisms, while taking into 
account distortion o f the field by image forces which produce a potential barrier o f the 
type illustrated in figure 5 (b ) . The operation of a point-contact diode cannot adequately 
be explained using the analysis derived for two plane parallel electrodes, for Chow (1963) 
has shown that a non-uniform spacing can significantly alter the current-voltage character­
istic. Thé diode will be represented by a planar electrode coated with a uniform dielectric 
layer, into which is partially inserted the sharpened hemispherical tip o f the antenna. 
This geometry is shown in figure 6 where the interface between the plane metal and the 
insulator is clearly defined. Using the convention of Simmons (1963b) that J i  represents 
the current density when the electrode o f lower work-function is negatively biased and J 2
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Figure 4. Tungsten-GaAs diode: id) voltage responsivity versus applied bias potential, 
ib) noise equivalent power versus applied bias potential. Crossed bars indicate 
uncertainty.
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Figure 5. Energy diagram of potential barriers between dissimilar electrodes: (a) image 
forces neglected; ib) image forces included.
the current density for the opposite sense o f applied voltage, then the rectification ratio 
of the diode may be expressed as
{ ^ l i r J % ir ) r  dr 
J  27r/i(r)rdr
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Figure 6. Diagrammatic representation of a hemispherical whisker tip partially embedded
in the insulating surface layer of a plane electrode.
In this equation, r  represents the perpendicular distance from the line of symmetry Y Y '  in 
figure 6 to the circumference o f the sphere, and r = R  a t  t h e  insulator-air interface. Using 
Simmons’ equations for the current density for tunnel (1963b) and thermionic (1964) 
conduction, the above expression for rj has been evaluated numerically. Similarly, the 
resistance of the barrier R b  has been calculated so that the voltage responsivity expressed 
by Green (1971) as
^ 2V
may be plotted against the minimum electrode spacing S .  Values of the current flow 
between the electrodes used to calculate rj and R b  were the summation o f the currents 
arising from the tunnel and thermionic efiects. The responsivity curves displayed in 
figure 7 show a polarity reversal due to a change in dominance from tunnel currents at 
small electrode spacing to thermionic processes at higher S .  The figure also shows the 
dependence o f y  on the radius A w  o f the whisker tip, on the detected voltage V b  and on 
the minimum barrier height Z i. For clarity, the curves for the lowest chosen value o f Z i 
are shown separately in figure 8, with curve F o f figure 7 included to facilitate comparison. 
The higher values of V b  have been omitted to comply with the theoretical assumption 
that eV < Z i. The difference between the work-functions o f the two electrodes and hence 
between the heights Z i and Zg o f the b r ie r s  at the metal-insulator interfaces has been 
taken as 1 eV for these examples.
4. Discussion
The theoretical model shows qualitative agreement with the experimental observation 
that the voltage responsivity of point-contact diodes is greatest at large electrode separa­
tion and then decreases and finally reverses polarity as the spacing is reduced.
The poor quantitative agreement may be attributed to the imperfect efficiency o f the 
antenna and to the simplifications in the model. It has been shown (Chow 1963) that local 
perturbations in the insulator thickness can change the resistance by several orders of 
magnitude. Imperfections in the dielectric would also reduce the resistance significantly
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M in im u m  b a r r i e r  s p a c i n g  S  (Â1
Figure 7. Theoretical voltage responsivity of a m im  point-contact diode detector. The 
dielectric constant of the barrier is 8.
Curve A B C D E F G H 1 J
F d (V ) 0 0 9 0 09 0 09 0-5 0 9 0 0 9 0 09 0 09 0 5 0 9
A \r  (Â) 102 104 100 100 100 102 104 100 100 100
Z i(eV ) 4 4 4 4 4 1 1 1 1 1
Za(eV) 5 5 5 5 5 2 2 2 2 2
(Chen and Adler 1970). Since it is possible to produce rectification with nominally sym­
metrical devices (Pollack and Morris 1964) there may also be an effect due to an asym­
metry caused by, for example, a poorly defined transition from metal to dielectric at one 
or both interfaces, resulting in reductions of barrier heights and o f effective barrier 
thickness.
The significant factor is that the experimental characteristics are both reversible and 
repeatable, indicating a mechanistic rather than a random variation. Green (1971) has 
expressed the current-voltage characteristics o f  a mim  diode as
I = = a V + b V ^ + .
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Figure 8. Theoretical voltage responsivity of a m im  point-contact diode detector. The 
dielectric constant of the barrier is 8 ; Fb= 0  09 V ;  positive y ,    negative y.
Curve F K L M
A'ft (A) 102 102 10* 10»
Z i(eV ) 1 0-5 0 5 0-5
Za(eV) 2 1-5 1-5 1-5
where a  and b  are constants, and the instantaneous voltage across the diode is 
F = (2 P i? B )i/2  sin o j t =  ^ 2 F d sin w f
where F d can be seen to depend on the r f  power P  coupled into the device. Figure 7  also 
indicates that at a fixed dielectric thickness, variation o f and, at some barrier spacings, 
reversal o f the polarity of the responsivity occurs with changing Fd and hence incident 
power. This property has been demonstrated experimentally by Green e t  a l  (1 9 7 0 ).
The high impedance o f the mis diodes when compared to the mim structures indicates 
a relatively slow response. Assuming a typical device to have a junction diameter of  
01  y m  (Green 1971), an insulating layer o f dielectric constant 8 (iPollack and Morris 
1964) and a thickness 50 Â, then the measured impedances o f the mim diodes in table 3 
indicates that the upper 3 dB output point for such devices can be between 45 and 100 
THz. For a tungsten-silicon diode with a similar barrier resistance, a series resistance 
approximately equal to the output impedance indicated in table 3 and a dielectric con­
stant of 4 5 (Kaye and Laby 1966), then the upper 3 dB point is in the region o f 15 THz. 
Although the use of mis detectors at higher frequencies is restricted by the limited band­
width, figure 1 shows that they have a distinct advantage over mim devices at 337 {Am by 
possessing greater responsivities.
The theoretical model o f the point-contact diode has been developed for an mim 
barrier. However, it is interesting to note that the performance characteristics o f the 
tungsten-semiconductor diodes with variation of whisker pressure are similar to that of 
the tungstén-metal diodes. A  possible explanation is that the mechanism described by 
the MIM model contributes to a dc bias voltage across the depletion layer near the semi­
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conductor surface. The polarity o f this component will vary accordingly and the recti­
fication ratio o f the semiconductor device will be modified, becoming greater with forward 
bias and smaller with reverse. The mis devices may therefore be expected to behave in a 
similar qualitative manner to the mim diodes but to exhibit higher rectification ratios, and 
therefore higher responsivities as observed experimentally.
5. Conclusions
The experimental behaviour o f mim point-contact diode detectors can be explained in 
terms o f thermionic and electron tunnelling processes taking into account the geometrical 
shape and dimensions of the insulating barrier between the antenna tip and the base 
electrode.
Responsivities o f 1000 V have been obtained at 337 (xm from biased tungsten- 
GaAs detectors. However, the inherent high resistivities o f semiconductor devices 
indicate that for the highest frequencies mdm diodes must be used and these may operate 
up to 100 THz.
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